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As  this  global  war  progresses,  it  becomes  more  and  more  evident 
that  production  of  food  and  other  agricult'iral  products  is  of  foremost 
importance  to  Victory  and  to  the  Peace  that  is  to  follow.    All  available 
land  of  hit^h  fertility  should  be  used  for  ci^op  production  and,  through 
good  farm  management  and  soil  and  water  conservation,  made  to  produce  as 
intensively  as  possible.    The  amount  of  this  class  of  land  is  large, 
but,  v.'iien  compared  to  the  expected  need  for  crops,  is  not  large  enough. 
Quality  of  land  is  nov  more  important  than  quantity,  because  it  can 
produce  more  with  less  manpo-;u-er,  equipment,  and  fertilizer.  Bottomlands 
and  alluvial  soils  adjacent  to  streams,  if  free  from  frequent  flooding, 
and  well  drained,  are  normally  the  most  fertile  of  all  lands.    But,  in 
many  places  throughout  the  United  States,  such  valley  lands  cannot  now 
be  used  to  their  fullest  extent,  or  at  all,  because  of  sedimentation, 
which  obstructs  drainage,  increases  flooding,  and  impairs  soil  fertility 
ty  overv^ash  of  the  infertile  residue  of  soil  erosion. 

The  research  work  of  the  Soil  Conservation  Service  has  indicated 
that  sedimont-control  measures,  if  properly  applied,  would  prevent  a 
large  part  of  this  damage,  would  reclaim  land  already  damaged,  and 
would  protect  irrigation  and  drainage  developments.    Ilethods  of  sediment 
control  have  not  yet  been  as  fully  developed,  however,  as  many  other 
soil  and  v^ater  conservation  measures.    Remedies  for  the  sedimentation 
problem  in  each  valley  still  require  individual  study  and  treatment. 

This  publication  presents  the  results  of  experiiaents  on  sediment 
transportation  in  Mountain  Creek,  a  typical  small  stream  of  the 
Southern  Piedmont.    These  experiments  have  developed  methods  for  col- 
lecting data  needed  in  the  improvement  of  small  valleys  for  crop 
production.    They  have  resulted  in  development  of  methods  (1)  for  esti- 
matLng  the  sediment  load,  particularly  the  heretofore  unmeasurable  bed 
load,  of  small  streams,  (2)  for  estimating  tlie  effects,  in  small 
valleys,  of  reducing  sediment  loads  through  conservation  practices,  and 
(3)  for  estlmatjx.g  the  effects  of  channel  improvements,  such  as  cut- 
offs, on  flooding  and  channel  sedimentation. 


INTRODUCTION 


The  deposition  of  sediraent  in  stream  and  river  channels  has 
caused  much  daraage  in  many  parts  of  the  United  States  and  the  allevi- 
ation or  prevention  of  such  danage  where  it  occurs  is  an  important 
objective  of  any  conservation  or  flocd-control  program.  Unfortunately, 
little  is  known  concerninf^  the  principles  that  f^overn  tii'3  transporta oion 
ard  deposition  of  such  injurious  sediment,  ^nd  what  is  knovm  has  been 
derived  from  small  scale  laboratory  studies.    The  applicability  of  such 
laboratory  investit^ations  to  natural  streams  has  not  been  verified  and, 
consequently,  plans  for  remedial  work  have  been  based  on  "reasonable" 
assumptions  rather  than  on  scientific  principles. 

The  most  comiaon  practical  problems  that  are  involved  in  the  study 
of  stream  channel  sedimentation  are  of  three  general  types.    First,  if 
the  amount  of  sediment  delivered  to  a  stream  channel  is  reduced  by 
erosion-control  practices  or  otiier  measures,  will  the  channel  capacity 
be  increased  by  scouring  and,  if  so,  how  much?    This  has  been  one  of  the 
most  iiaportant  unsolved  prtDblems  on  flood-control  surveys,  v/here  the 
benefits  from  proposed  remedial  pro^^rams  must  be  evaluated  in  advance  of 
their  application.    Second,  if  tiie  present  rates  of  sedLiient  contribu- 
tions remain  the  saiae  or  increase  in  the  future,  wnat  will  happen  to  the 
stream  channels?    Third,  in  places  where  new  channels  are  to  be  dug,  or 
the  present  channels  modified  by  cut-offs,  bank  clearing,  etc.,  what 
will  be  the  effect  of  the  new  conditions  on  the  capacity  of  the  channel 
to  trans:x)rt  its  sediment  load,  to  degrade  its  bed,  or  to  mo'iify  its 
shape  by  lateral  erosion?    Because  all  thr-se  of  these  problems  require 
knowledge  about  the  available  sediment  supply  and  the  capacity  of  the 
channel  to  transport  it,  they  are  basically  similar. 

In  aggrading  channels,  the  injurious  sediment  is  usually  sand  or 
coarser  debris  that  is  transported  in  large  part  by  rolling,  sliding, 
or  bouncing  along  the  stream  bed.    For  convenience  this  material  usually 
is  called  "bed  load,"    From  laboratory  investigations,  formulas  have 
been  developed  to  deocribe  the  movement  of  bed  load  under  varying 
experimental  conditions,  but  the  applicability  of  these  formulas  to 
natural  streams  where  the  conditions  of  sediment  transportation  are  more 
complex  has  not  been  verified.    The  purpose  of  this  report  is  to  give 
the  results  of  bed-load  measurements  in  a  natural  stream  and  to  shovf 
that  certain  formulas  are  applicable  to  natural  streams  and  that  they 
can  be  used  to  great  practical  advantage  in  solving,  the  tiiree  types  of 
problems  outlined  above. 

The  term  "bed  load"  has  been  used  and  defined  in  the  literature 
in  several  different  ways  (lO)iA     In  tiie  solution  of  practical  problems 
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of  stream-channel  equilibrium,  only  that  part  of  the  sediment  load  need 
be  considered  that  can  take  part  in  changes  in  the  conformation  of  the 
bed  by  deposition  or  scour.    This  part  of  the  moving  sediment,  at  least 
temporarily,  has  been  and  again  will  be  part  of  the  stream  bed.  This 
material,  for  the  purpose  of  this  discussion,  ic  considered  as  "bed 
load"  and  defined  as  "bed  material  in  movement."    According  to  this 
definition,  the  net  deposition  or  scour  in  a  reach  of  a  ri'/^r  is  the 
difference  betvsreen  the  bed-load  transportation  of  the  upper  and  lower 
ends  of  the  reach. 

The  general  problem  of  predicting  bed-load  transportation  on  a 
certain  bed  as  a  function  of  the  flow  has  been  approached  simultaneously 
from  two  different  sides;  first  by  actual  measurements  in  natural,  streams, 
especially  in  the  liioree  River  (1),  and  second,  by  an  analysis  of  the 
results  of  all  available  published  and  unpublished  flume  experiments  (7). 
The  lattGa."  ivork  v^as  done  with  the  intention  of  checking  empirical  trans- 
portation laws  derived  from  flume  experiments  against  river  conditions, 
thus  eliminating  from  further  consideration  those  formulas  that  could 
not  be  extrapolated  to  river  scale.    This  method  has  proved  very 
efficient  in  similar  studies  in  Switzerland,  v/here  the  trr^nsporta  tion  of 
coarse  bed  load  in  mountain  streams  was  related  to  flume  studios  by 
partly  kno^m  and  partly  newly  developed  principles  of  similitude. 
Unfortunately,  these  lav/s  of  similitude  can  not  be  applied  to  streams 
like  the  Enoree  River  v^here  the  sediment  is  so  fine  that  the  further 
redaction  in  size  necessary  in  any  flvmie  study  Y«ould  introduce  new 
factors  of  unknown  effect. 

It  was  concluded,  therefore,  that  the  problem  of  the  transporta~ 
tion  of  relatively  fine  bed  load  could  be  approached  best  in  a  series  of 
steps  involving  both  field  observations  and  the  use  of  certain  principles 
established  by  fluiiie  studies.    It  was  further  concluded  that  the  first  of 
such  steps  would  be  measurements  on  a  natural  stream,  vdth  the  same  or  a 
sird.lar  sediment  mixture  as  the  Enoree  River  but  with  a  water  depth  and 
vrith  flow  conditions  comparable  to  those  usually  prevailing  in  a  flune, 
Fountain  Creek,  a  tributary  of  Enoree  River  with  a  drainage  area  of  11.7 
square  miles,  seemed  to  possess  these  characteristics,  at  least  for  its 
lower  stages, 

Mountain  Creek  is  a  typical  small  stream  similar  in  general 
character  to  hundreds  of  small  streams  throughout  the  Piedir.cnt  Region, 
Because  of  its  lack  of  special  features  and  because  it  is  in  equilibrium, 
or  essentially  so,  Ilountain  Creek  was  considered  well  suited  for  use  in 
this  study.    Equilibrium  is  especially  important,  because  duplicate 
measurements  are  not  possible  where  the  composition  and  position  of  the 
bed  change  rapidly. 

This  study,  in  addition  to  its  importance  as  a  stepping  stone  in 
the  solution  of  the  problem  on  larger  rivers,  v.iH  prove  of  practical 
value  in  its  application  to  ether  similar  small  Piedmont  streams.  The 


1 


/ 


3 


priTiCiples  as  developed  perndt  the  determination  of  the  transp>ortaticn 
capacities  at  certain  cross  sections  on  which  depend  the  whole  fate  of 
the  streams  and  of  the  valuable  bottoia  lands  along  these  streams.  An 
inexpensive  determination  of  tiiis  capacity  and  its  change  due  to  pro- 
posed changes  in  the  river  is  especially  important  becavise  tiie  values 
involved  are  generally  too  small  to  warrant  expensive  investigation. 
Under  the  heading  of  application,  the  method  of  applying  the  principles 
to  small  streams  is  demonstrated. 

A  great  number  of  observations  on  sediment  transportation  indi- 
cates that  bed  load  moves  slovfly,  even  very  slowly,  compared  to  the 
water  and  the  suspended  load.    Any  changes  in  the  sediment  supply  in  the 
watershed,  therefore,  v;ill  affect  the  bed-load  movement  only  after  a 
relatively  long  period  of  time.    Short  time  fluctuations  in  this  supply 
may  occur  but  they  are  soon  smoothed  out  by  temporary  deposit  and  scour 
in  the  bed.    For  this  reason,  the  momentary  rate  of  bed-load  transporta- 
tion at  any  one  point  of  the  river  can  be  expressed  best  as  a  function 
of  the  local  hydraulic  and  bed  conditions  rather  than  of  the  sediment 
supply.    In  the  long  run,  however,  the  fate  of  the  river  sections  and  of 
its  profile  will  be  determined  by  the  sediment  supply.    By  means  of 
local  and  temporary  deposit  and  scour  the  hydraulic  conditions  in  a 
particular  reach  of  the  stream  are  gradually  changed  until  it  is  able  to 
transport  the  average  sand  supply.    Unfortunately,  any  change  in  the 
river  profile  due  to  changes  in  sediment  supply  often  is  detrimental  to 
the  agricultural  use  of  the  bottom  lands.    For  this  reason,  engineers 
usually  have  tried  to  prevent  changes  of  the  profile  of  rivers  by 
changing  its  cross  sections. 

The  best  hope  of  success  in  planning  corrective  measures,  how- 
ever, lies  in  giving  proper  consideration  to  the  laws  of  sediment  trans- 
portation.   It  is  hoped  that  the  follov/ing  description  of  the  Mountain 
Creek  study  and  the  results  obtained  will  contribute  to  the  general 
knowledge  of  the  application  of  these  lavrs. 

The  present  investigation  was  made  as  part  of  the  v^ork  of  the 
Greenville  Sediment  Load  Laboratory  under  the  direction  of  G,  C,  Dobson, 
Project  Supervisor,    The  help  in  editing  the  manuscript  given  by  Mr, 
Dobson  and  Dr,  G.  Rittenhouse  is  greatly  appreciated.    The  writer  is 
also  very  grateful  to  his  colleagues  J.  "W,  Johnson  and  A.  G.  Anderson 
for  taking  over  certain  special  phases  of  the  work  which  could  be 
separated  from  the  main  problem.    The  assistance  of  Mr,  A.  T.  Talley  in 
the  construction  of  the  apparatus  and  in  conducting  the  field  measure- 
ments was  particularly  helpful. 
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DESCRIPTIC^^  OF  MGUITTAIN  CREKK 

Mountain  Creek  is  a  tributary  of  Enoree  River.    Its  drainage 
area  of  11.7  square  miles  lies  entirely  in  Greenville  County  of  South 
Carolina  and  includes  part  of  the  east  side  of  Paris  Mountain,  the 
highest  part  of  which  is  2,0U1  feet  above  sea  level. 

Land  use  on  the  drainage  area  consists  of  58  percent  v/oodland, 
28  percent  cultivated  and  mostly  in  cotton,  and  the  remaining  H,  percent 
abandoned  and  urban  land.    The  soils  in  the  uplands  ran^e  mostly  betrfeen 
Cecil  sandy  loam  and  sandy  clay  losms,  while  Porters  loam  is  predominant 
in  the  highest  part  of  the  v<-atershed  on  Paris  Mountain. 

Erosion  is  rather  v;ell  under  control  in  the  v/atershed,  especially 
on  Paris  wo-antain  v/liere  part  of  the  v/atershed  is  included  in  Paris 
Mountain  State  park. 

At  the  junction  of  Mountain  Creek  and  Knoree  River  the  elevation 
of  low  water  is  aoout  820  feet.    About  0,7  mile  above  the  junction  an 
easily  accessible  section  v/as  chosen  for  making  ooservations  on  bed-load 
transportation,    Tiic  corresponding  hydraulic  measurements,  such  as  the 
slope  of  bed  and  v.'ater  surfaces,  the  average  cross  section,  the  water 
velocity,  were  made  in  a  750— foot  reach  above  the  measuring  section. 

The  cross  section  and  profile  within  this  reach  are  rather 
regular  v/ith  an  average  Tiddth  of  the  sand  bed  of  14., 22  feet.    The  banks 
are  rather  steep  and  were  assumed  as  an  average  to  have  a  slope  of  45°« 
During  the  measuring  period  the  banks  were  heavily  covered  with  grass 
and  other  seasonal  vegetation,  as  may  be  seen  in  Figure  1,    The  tops  of 
the  banks  are  between  2  and  3  feet  abo\^  the  average  bed.    The  flood 
plain  in  this  part  of  the  valley  is  300-500  feet  wide,  and  regularly 
planted  in  corn. 

The  climatic  records  of  the  "feather  Bureau  station  at  Greenville 
are  fairly  representative  for  the  v/atershed.    They  are  as  follov/s :  The 
mean  annual  temperature  is  59.1°  F,    The  mean  temperature  for  the  winter 
months  is  41.2°  F.  with  a  mdnimum  of  -5°  F.  and  a  maxiiaum  of  82°  F. 
The  snowfall  is  usually  lieJ^t  and  seldom  stays  on  the  ground  more  than 
2  or  3  days.    The  mean  summer  temperature  is  75.7*^  F,  vvith  a  minimum  of 
40°  F.  and  a  maximum  of  106°  F.    The  mean  annual  rainfall  is  51.96 
inches,  with  a  total  of  42.66  inches  for  the  driest  year  (1S99)  and 
77.83  inches  for  the  v^ettest  year  (1901).    The  average  from  April  to 
September,  inclusive,  is  28.88  inches. 

Below  the  measuring  section,  the  creek  flows  through  a  narrow 
gorge-like  valley  where  the  bed  contains  a  great  amount  of  coarse 
particles  originatLng  in  an  old  lateral  gully.    This  reach  controls  the 
stage  at  the  measuring  section.    In  this  narrow  valley  the  banks  are 


lined  with  trees  and  thick  brush.    Trees  and  brush  were  cleared  away 
from  the  banks  of  the  measuring  reach  some  10  years  ago  and  it  has  been 
so  maintained  eviir  since. 

The  clearirifc^  ends  about  800  feet  above  the  measuring  section  and 
from  there  on  up  stream  the  banks  are  a^^ain  wooded.    Approximately  0.9 
mile  above  the  measuring  section  a  small  dan  backs  up  the  water  in  a 
small  reservoir  which  is  largely  filled  with  sediment.    Only  a  small 
channel  is  kept  open  in  the  reservoir  by  periodically  flushing  through  a 
sluice  gate  in  the  dam.    V/hen  the  sluice  gate  is  open,  all  the  sedioient 
transported  by  the  stream  passes  through  the  reservoir.    The  presc-nt 
capacity  of  the  reservoir  is  about  200,000  cubic  feet  or  4  1/2  acre-feet. 
This  volume  of  water  can  be  flushed  through  the  sluice  gate  in  about  1 
hour.    This  flushing  cleans  out  the  channel  in  the  reservoir  and  deposits 
most  of  the  sand  in  larfc,e  bars  belov/  the  dam  from  wnere  it  is  removed 
during  the  period  of  normal  flow, 

T^Tice  during  the  measuring  period  these  flushing  discharges  were 
used  to  obtain  measurexaents  for  higher  flows  than  would  other/dse  have 
occuri-ed.    These  artificial  floods  of  duration  of  about  1  hour  have  a 
distinctly  different  hydrograph  than  a  natural  flood.    The  most 
important  difference  seens  to  oe  thai,  the  discharge  decreases  very 
rapidly  in  tiie  latter  part  of  tlie  flood,  while  after  all  natural  floods 
the  discharge  recedes  over  a  number  of  hours  in  returning  to  the  norraal 
flow.    This  difference  has  a  distinct  influence  on  the  flow  cnaracter- 
istics  towards  the  end  of  ttie  flood  and  will  be  described  later. 

No  significant  tributary  enters  the  creek  between  the  dam  and  the 
measuring  section.    No  signs  of  gullying  or  severe  bank  erosion  could  be 
found.    Therefore,  sand  transportation  and  discharge  are  constant  over 
the  whole  stretch,    Within  the  measuring  reach  itself,  the  steep  banks 
do  not.  seem  to  be  sufficiently  protected  as  some  bank  erosion  with 
caving  can  be  observed.    The  amount  of  this  eroded  material  seems  to  be 
small  compared  with  the  normal  bed  load  and,  therefore,  has  not  been 
taken  in  consideration  in  tl-iis  study. 

APPARATUS  FOR  THE  fSASUREMENT  OF  RED  LOAD 

So  far  as  known,  prior  to  this  work,  no  satisfactory  movable 
instrument  has  ever  been  used  to  measure  the  bed  load  in  small  natural 
streaxfts.    The  instruiaents  used  in  all  previous  attempts  to  measure  the 
rate  of  bed-load  transportation  can  be  grouped  under  the  name  "bed-load 
traps,"    These  bed-load  traps,  described  in  a  recent  publication  (1^) 
consist  primarily  of  a  box  or  pan-like  container  which  is  lowered  to  the 
bed  and  allowed  to  collect  material  for  a  certain  length  of  time.  The 
flowing  water  enters  the  instrui.ient  and  carries  the  bed  load  into  the 
container.    Water  and  sediment  are  separated  by  means  of  screens  or  by  a 
sudden  retardation  of  tiie  v^ater.    The  water  then  leaves  the  instrument 


while  the  sediment  is  tranped,  thus  indicating  tine  amount  of  bed  load 
for  a  certain  period  of  time  and  certain  v/idth  of  the  stream.  Unfortu- 
nately, this  rather  convenient  method  of  measurement  is  not  very- 
satisfactory.    Especially  fine,  sandy  bed  load  is  very  difficult  to 
measure  because,  if  the  influence  of  local  fluctuations  in  the  rate  of 
transportation  is  to  be  eliminated,  the  measuremen t  must  consist  of  an 
extremely  lar^e  number  of  single  determinations  even  under  the  most 
favorable  conditions.    In  small  streams  the  duration  of  floods  is 
relatively  short  and,  consequently,  there  is  not  sufficient  time  to 
permit  the  detenainption  of  bed-load  transportation  with  a  trap.    It  was 
concluded,  therefore,  that  any  method  of  measurement,  to  be  satisfactory, 
must  directly  measure  the  total  amount  of  the  transported  bed  load.  This 
is  the  principle  underlying  the  design  of  the  Enoree  River  Sediment  Load 
Laboratory  (1) .    Based  on  experience  obtained  at  this  laboratory,  a 
portable  apparatus  was  developed  to  accomplish  this  purpose. 

The  hopper 

This  apparatus  is  intended  for  tiie  measurement  of  that  part  of  the 
bed  material  in  movement  that  cannot  be  measured  as  suspended  load  be- 
cause it  looves  close  to  the  bed  Y/here  its  velocity  cannot  be  determined. 
This  bed  material  is  continuously  making  contact  with  the  bed  and  often 
interrupts  its  movement  by  periods  of  rest.    The  average  distance 
betv^een  two  points  of  rest  has  been  measured  to  be  about  100  times  the 
diameter  of  the  grain  (2)«    For  an  average  diameter  of  the  grain  in 
Mountain  Creek  of  0.9  nm  this  average  distance  would  be  90  mm  or  less 
than  4  inches.    As  the  probability  for  longer  steps  decreases  loga- 
rithmic aly,  a  step  of  2  feet  has  only  a  probability  of  2~9  or  about  1  in 
500.    Therefore,  if  a  slot  is  made  to  extend  completely  across  the  stream 
bed  2  feet  wide  in  the  direction  of  flow,  99»^%  of  this  part  of  the  bed 
load  will  be  deix)sited  in  it.    Any  bed  material  moving  in  suspension 
must  be  determined  separately  by  means  of  suspended-load  samples.  In 
the  case  of  l/ountain  Creek  suspended- load  samples  showed  that  no 
significaiit  amount  of  bed  material  moved  in  suspension  during  the  ob- 
served stages.    A  two-foot  slot,  therefore,  would  catch  essentially  all 
of  the  bed  load  as  defined  in  the  "Introduction." 

The  hopper  as  sho^m  in  Figure  2  is  the  mechanical  realization  of 
this  slot.    It  consists  of  a  welded  sheet-iron  box  with  a  1-inch  screen 
covering  the  open  top  to  exclude  any  coarse  trash.    This  hopper  is 
lowered  into  the  sandy  stream  bed  until  the  top  is  several  inches  below 
the  lowest  parts  of  xiie  bed.    On  the  upstream  side  where  the  sediment 
approaches  the  hopper  it  assumes  its  natural  angle  of  repose  from  the 
bed  dov/n  to  the  edge  of  the  opening.    All  metal  walls  of  the  hopper  are 
steeper  than  thi?  -ngle  and,  therefore,  all  sand  will  slide  down  to  the 
lowest  point  in  ohe  iiopper.    The  sand-v/ater  mixture  is  pumped 
continuously  from  the  hopper  into  the  separator-weighing  tank* 
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Figure  1,—  Measuring  derioe  at  Mountain  Creek 
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This  hopper  and  the  3-inch  suction  pipe  are  the  only  parts  of  the 
whole  niecl.anism  that  must  reraain  in  piece  for  the  complete  duration  of 
the  neasuroments.    Tne  in3ta].lation  (and  removal)  of  the  hopper  is  per- 
formed by  punpine;  cut  the  sediment  around  it  through  an  opening  in  its 
lowest  point.    As  the  removal  of  tne  material  causes  a  rather  significant 
disturbance  in  the  bed,  measurements  perfcra«d  soon  sXter  the  hopper  has 
been  lov/ered  into  place  are  not  representative  of  normal  conditions. 
For  this  reason,  all  measurements  given  in  this  report  were  made  after 
the  hopper  had  been  in  place  at  least  for  1  vteek. 

The  position  of  the  v.'ater  level  for  any  one  discharge  is  con- 
trolled by  Uie  conditions  of  the  flov/  dovmstream  from  the  measuring 
section.    It  is,  therefore,  important  that  the  bed  should  not  be  signifi- 
cantly changed  downstream  from  the  hopper.    For  this  reason  the  bed  load 
taken  out  of  the  stream  for  measurement  must  be  returned  to  the  bed  below 
the  hopper  after  the  meas-oreraent j  othervrise,  a  certain  amount  of  scour 
■will  occur  downstream  v*hich  in  turn  will  increase  the  slope  and 
transportation  upstream  from  the  hopper. 

It  may  be  mentioned  that  the  depth  of  the  sar;d  bed  above  bedrock 
in  Mountain  Creek  was  too  small  to  permit  txhe  vfhole  width  to  be  covered 
with  one  hopper,  therefore,  twin  hoppers  were  installed,  each  6  feet 
long.    In  operation  they  were  pumped  alternately  for  l-minute  periods, 
thus  keeping  both  hoppers  always  practically  empty. 

The  measuring  tank 

From  the  hopper,  the  sediment,  together  with  a  necessary  amount  of 
water,  is  drawn  through  the  3--"inch  suction  pipe,  then  through  a  flexible 
3-inch  hose  into  a  3-inch  centril'^agal  pump  driven  by  a  gasoline  motor. 
From  there  it  is  pumped  into  the  measuring  or  v/eighing  tank.    This  tank, 
wnich  is  approximately  /+  feet  in  diameter  and  of  welded  construction 
(figure  3),  is  alvrays  filled  with  water  during  tlie  measuring  operation. 
The  sand-water  mixture  enters  the  tank  at  t.he  center  of  the  top,  the  sand 
settling  to  the  bottom  and  the  water  overflowing  along  the  entire  rin 
into  a  wasteway  which  is  rigidly  attached  to  the  frame  support.    The  tank 
itself  is  supported  from  the  frame  by  a  strong  steel  spring.  The 
elongation  of  this  spring  indicates  the  amount  of  vrater  inside  the  tank 
that  has  been  replaced  by  sediment.    The  elongation  of  the  spring  is 
amplj.fied  by  a  lever  system  and  recorded  on  the  chart  of  a  water-stage 
recorder,  modified  for  the  purpose.    A  continuous  record  of  the  amount  of 
sediment  collected  in  the  "oanJc  is  therefore  available  and  permits  the 
determination  of  the  rate  of  inflovf  of  sediment  for  any  time.    7/hen  the 
tarj-c  is  filled  to  capacity,  the  sediment  is  flushed  back  into  the  river 
through  a  3-inch  valve,  located  at  the  vertex  of  the  conical  bottom. 
The  flushing  of  a  full  tank  and  its  refilling  vdth  water  takes  less  than 
2  minutes.    Its  capacity  is  a  little  more  than  one  cubic  yard  or  1500 
pounds  \mder  water  of  sarid  vrith  a  specific  gravity  of  2.67,    The  lever 
system  on  Uie  recorder  has  been  adjusted  so  that  the  recorder  on  the 
chart  can  be  read  directly  in  pounds  under  water. 
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In  order  to  keep  the  impact  of  the  inflo7/ing  ?^ater  and  sand  from 
affecting  the  recording  mechanism,  a  special  separator  has  been  provided 
and  attached  directly  to  the  frsme  support.    This  separator  consists  of 
a  baffling  system  that  stills  the  inf louring  water. 

The  water  leaves  the  tank  overflowing  along  the  entire  rim  and 
causes  a  rise  of  the  water  surface  in  the  tank  amounting  to  an  overload 
of  15-20  pounds  on  the  recording  system.    As  the  amount  of  overload  is 
very  constant  vfith  a  reasonably  constant  discharge,  the  increase  in 
weight  does  not  affect  rates  of  bed-load  movement  as  determined  from  the 
recorder  chart.    In  onler  to  check  on  the  constancy  of  the  discharge,  a 
flow  measuring,  elbow  (^)  was  built  into  the  pressure  line  leading  from 
the  pump  to  the  tank. 

During  the  measurements  in  Mountain  Creek,  a  pump  and  measuring 
tank  were  mounted  permanently  in  that  location.    Afterwards  it  seemed 
preferable  to  mount  the  complete  apparatus  on  a  truck  in  order  to  have 
it  strictly  portable.    This  seemed  especially  important  because  pumping 
in  several  localities  with  tlie  sa.Tie  equip:.ient  vras  desirable  and  also 
because  some  necessary  calibration  tests  could  not  be  performed  very 
satisfactorily  in  seme  locations.    But  even  before  it  was  mounted  per- 
manently on  a  truck  it  ^uld  be  considered  movable  as  its  transfer  from 
one  place  to  another  could  be  performed  by  two  men  with  a  truck  in  1 
day.    An  additional  hopper,  of  course,  must  be  installed  at  each 
additional  pumping  location. 

Calibration  of  the  tank 

The  operation  and  efficiency  of  the  weighing  tank  can  be  tested 
by  two  types  of  calibration  test: 

(1)  Calibration  of  the  weighing  mechanism 

(2)  Calibration  of  the  separator 

The  first  calibration  is  most  conveniently  performed  by  starting 
with  a  tank  filled  to  capacity  with  sand  and  water.    The  sand-water 
mixture  then  is  gradually  flushed  out  of  the  3-inch  valve  into  buckets 
and  weighed.    After  tiie  removal  of  each  bucket,  the  recorder  is  read 
and  this  reading  compared  vfith  the  cumulative  amount  that  was  removed. 
Figure  4  shows  a  calibration  of  tiiis  type.    The  45-degree  line  repre- 
sents the  points  where  the  recorder  shoves  the  true  values.  The 
relatively  small  deviations  from  this  line  indicate  the  general  relia- 
bility of  the  recording  mechanism  including  spring,  lever  system  and 
recorder.    Repeated  recalibration  of  the  same  type  gave  similar  results. 

The  second  calibration  is  intended  to  determine  the  efficiency  of 
the  separator  by  measuring  the  percentage  of  diffe^rent  grain  sizes  that 
are  carried  over  the  rim  of  the  tank  at  various  pump  discharges.  Each 
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test  v.as  started  by  pumping  water  throut^h  the  tank  at  a  known  rate. 
A  measured  a-nount  of  send  of  a  certain  grain  size  then  was  fed  into  the 
suction  hose  without  disturbing  the  flov/.    After  5  more  rainutes  of 
continuous  pumping  of  clear  water,  the  pump  was  stopped  and  the  amount 
of  sand  in  the  tank  collected,  measured,  and  compared  vrith  the  original 
amount.    The  diagram  in  figure  5  gives  the  results  of  these  calibrations 
and  is  used  for  correcting  the  mechanical  analyses  of  the  samples  of 
trapped  sediment, 

A  calibrction  of  the  flow-measuring  elbow  completes  the  test  of 
the  pumping  unit.    The  results  of  these  tests  are  shown  in  figure  5^ 
calibration  of  the  separator, 

HYDRAULIC  l^FASURn.g^ITS 

The  measurements  of  bed-load  transportation  in  Mountain  Creek 
were  made  for  the  purpose  of  extending  the  knov, ledge  of  the  law  of 
trf^nsportation  from  fl-ome  studies  to  a  natural  flow  of  the  size  of  a 
large  flume.    The  laws  of  transportation  are  commonly  exrjressed  in  two 
independent  parts.    The  first  part  determir.es  the  rate  of  sediment  trans- 
portation on  a  certain  bed  by  a  certain  flow,  usually  called  the  trans- 
portation law.    The  second  part  refers  to  the  change  of  the  bed  roughness 
caused  by  a  certain  rate  of  transportation,  usually  called  the  friction 
law.    It  must  be  borne  in  mind  that  the  tfio  parts  of  the  problem  are 
really  independent  and  that  both  laws  must  be  used  in  a  successful 
attack  on  bed-load  problems.    These  two  laws  constitute  relationships 
between  the  rate  of  transportation  and  the  flow  and,  therefore,  measure- 
ments of  the  flow  as'  well  as  of  the  transportation  are  needed  for  their 
application. 

General  problems 

The  transportation  of  sediment  is  generally  exoressed  as  a  rate 
shovring  the  amount  of  sediment  mo'/ing  thrcugh  a  certain  cross  section 
diiring  a  unit  of  time.    Usually,  little  attention  is  given  to  the 
velocity  of  the  particles  or  the  thickness  of  the  la;/er  in  movement. 
This  study  follows  the  same  conception  and  tnerefcre  considers  only  the 
bulk  movement  of  sediment  into  a  section,  tnat  is,  the  section  of  the 
hopper. 

In  attempting  to  relate  this  measurement  of  bed-load  transporta- 
tion to  the  flow,  it  7,'ould  seem  most  logical  to  describe  both  in  trie 
same  section.    Theoretically,  this  is  possible  as  the  local  velocity 
distribution  fully  describes  the  flow.    Practically,  this  description  is 
very  unsatisfactory  for  three  reasons:  (1)  There  are  significant 
differences  between  the  average  velocities  in  different  verticals  of  the 
section  making  it  impossible  to  describe  the  distribution  by  any  one 
vertical,     (2)  Because  of  changes  in  the  movable  bed,  the  velocity  at 
any  point  will  fluctuate  irregularly,  making  the  distribution  of  the 
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local  velocity  extremely  dlfficiilt,  if  not  impossible,  to  deterraine. 
(3)  Sraall  changes  in  the  velocity  distribution  are  highly  significant  in 
tlie  hydraulic  sense,  making  extremely  accurate  measureinents  necessary. 
For  these  reasons,  it  has  been  found  much  more  convenient  to  describe  the 
flow  in  the  manner  of  conventional  hydraulics  by  the  average  velocity, 
slope,  and  depth. 

To  obtain  t}ie  slope  it  v.-as  necessary  to  extend  the  hydraulic 
measurements  over  the  vrhole  reach  (in  Mountain  Creek  over  a  reach  750 
feet  long),  and  because  of  the  natural  irregularities  in  the  stream,  both 
the  cross  section  and  average  velocity  were  taken  as  averages  for  the 
whole  stretch.    Localization  of  trie  sediiiient  measurements  in  the  lower 
end  of  the  stretch  yi&s  possible  only  because  of  the  absence  of  any 
significant  change  in  the  position  of  the  oed  during  the  measuring  period, 
tlius  indicating  constant  average  transportation  over  the  whole  reach. 

The  cross  section 

A  system  of  16  cross  sections  was  used  to  laeasure  the  sloj>e  and 
position  of  the  bed  and  of  the  water  surface.    The  first  cross  section, 
designated  as  range  0,  was  situated  about  1  foot  upstream  from  the 
hopper.    Ranges  1-15  followed  upstream  at  50-foot  intervals.    Thus,  the 
range  number  gives  the  distance  of  the  cross  sections  upstream  from  the 
hopper  measured  in  50- foot  intervals. 

Each  range  was  marked  by  two  range  ends  consisting  of  a  wooden 
stake  driven  into  the  bank  and  a  wire  hook  attached  to  it,    A  movable 
wj.re  chain  with  1,5-foot  links  v/as  connected  with  the  wire  hooks  to  mark 
the  measuring  points,  1.5  feet  apart.    This  method  permitted  the  exact 
relocation  of  the  same  measuring  points  each  time,  v/hich  is  essential  to 
making  the  different  sets  of  measurements  directly  comparable.    On  each 
range  all  the  points  vieve  recorded  that  v/ere  on  the  movable  bed.  The 
banks,  which  were  rather  steep  and  covered  v.ith  vegetation,  v/ere  not 
measured.    The  distance  betv/eon  tne  end  points  and  the  bank  varied 
between  0  and  1.5  feet.    In  averaging  tiie  measurements  of  any  one  range, 
all  points,  therefore,  were  given  equal  v/eight.    Besides  the  points  on 
the  bed,  the  measurements  included  a  reading  of  the  elevptions  of  the 
water  surface  in  each  section  as  a  check  for  the  stage  recorders  and 
for  the  detection  of  accidental  error.    With  tvro  set-ups  of  a  surveyor's 
level,  elevations  could  be  determined  at  all  ranges  in  the  750-foot 
reach.    An  adjustable  rod,  -v.hich  permitted  elevations  to  be  read 
directly,  proved  of  great  convenience  in  making  tiiese  observations.  Thus, 
all  figures  in  the  field  book  are  directly  comparable.    A  steel  pipe, 
driven  into  the  j^round  in  a  safe  place  off  the  stream,  served  as  datum 
for  all  elevations  and  Y/as  given  the  assumed,  but  approximately  true, 
elevation  of  812,00  feet.    Complete  raeasuremsnts  on  the  ranges  were  made 
only  at  low  stages  because  the  bed  is  too  easily  disturbed  vfhen  the  sand 
is  movisif^  at  higher  rates  to  penoit  satisfactory  measurements,  V.'ater- 
surface  profiles  vrere  measured  from  the  banks  during  higher  stages  and 
showed  a  uniform  slope  over  the  entire  length  of  trie  reach  (figure  6), 
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It  was,  therefore,  conoluded  that  a  straight  line  through  the  range 
0  to  15,  as  given  by  the  two  stage  recorders  located  at  those  two 
i*anges,  would  satisfactorily  describe  the  water  surface*    Only  for 
times  of  fast  changing  discharge  does  this  method  seem  not  to  be 
satisfactory.    Table  1  shoves  an  example  of  a  set  of  cross  sections. 
The  line  "area"  gives  the  calculated  cross-sectional  areas,  assuming 
vertical  banks*    This  value  is  very  close  to  correct  as  the  water 
depth  during  the  measurements  was  small.     The  values  in  this  line 
are  calculated  as  the  sum  of  the  water  depths  at  the  different  points 
of  the  range  multiplied  by  the  distance  of  1.50  feet,  and  therefore, 
do  not  include  the  points  of  the  bod  above  water  surface.    In  the  cal- 
culation of  the  "average  bed,*^  ho^-ever,  these  points  are  included. 
The  slope  of  the  bed  was  calculated  by  the  method  of  least  squares. 

The  water  surface 

It  has  been  mentioned  previously  that  the  system  of  range  measure- 
ments "fiKs  used  to  obtain  regularly-spacod  moasuremonts  of  the  ■'.'.'Titer 
surface  and  that  the  ivater  surface  could  be  considered  as  a  straight 
line  Tdthin  the  measuring  reach  for  the  higher  stages. 

As  the  stage  in  a  natural  river  is  changing  almost  constantly,  it 
was  necessary  to  record  the  water  surface  at  least  at  one  point  con- 
tinuously.   Especially  satisfactory  results  vrere  obtained  in  this  case 
where  tvro  automatic  stage  recorders  vrere  installed,  one  at  range  0  and 
the  other  at  range  15.    A  oonparison  of  the  records  from  the  two 
recorders  gave  a  good  check  on  the  stage  and  a  continuous  record  of 
the  slope  of  the  water  surface. 

Bed-load  formulas  and  friction  lajrs  usually  contain  the  slope  of 
the  energy  grade  line  as  one  of  the  h^/draullc  variables.    In  a  flovr  that 
approaches  normal  flovr,  the  slope,  S  ,  of  the  energy  grade  line  can  be 
very  closely  approjacated  by  the  formula, 

e        w  dx    ^  2g  ^ 

where       is  the  slope  of  the  water  surCaco,  7  the  average  velocit;>'  in 
a  cross  section,  _x    the  horizontal  distance  which  increases  upstresun, 
and  oc  the  factor  which  corrects  for  the  ijiorease  in  kinetic  energy  due 
to  the  variation  of  velocity  within  the  cross  section. 

is  obtained  by  di'vi-ding  the  difference  in  the  -.Tater-surraco 
elevations,         bet-.veen  range  0  ar-d  range  15  by  750  feet,  the  distance 
bet.veea  the  ranges.     In  Moimtain  Creek  !{   v/as  usually  approxuaately  1 
foot.     The  recorder  clmrts  could  be  read'^easily  to  C.Ol  ft.  thus  per- 
mitting the  slope  to  be  determined  with  an  average  error  within  about  !%• 
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The  average  value  for  V  /2g  in  Mountain  Creek  varied  with  the  stage 


during  the  measuring  period  from  .02  foot  to  .09  foot.    Even  a  change 
of  this  value  of  10^  from  one  end  of  the  reach  to  the  other  would  result 
in  less  than  1%  error  for  Se;  therefore  ,  the  velocity  head  correction 
was  neglected  in  the  various  calculations.     Thus,  for  practical  purposes, 
the  energy  grade  line  may  be  considered  parallel  to  the  water  surface. 

The  repres entative  cross  sec-t-ion  of  the  bed 

The  slope  of  tiie  energy  grade  line  as  determined  above  represents 
an  average  value  for  the  whole  measuring  reach.    The  other  hydraulic 
variables  such  as  the  average  velocity  and  the  dimensions  of  the  cross 
section  also  have  to  be  determined  as  averages  over  the  same  reach.  The 
average  or  representative  cross  section  was  obtained  from  3  selected  sets 
of  cross-section  measurements  in  the  following  manner  and  used  in  con- 
nection with  all  discharges. 

The  slopes  of  the  3  beds  were  first  averaged,  this  average  being 
called  the  representative  slope,  S^,  of  the  bed.    Then  a  numoer  of 
parallel  planes  were  established  through  certain  levels  in  the  middle  of 
the  reach,  planes  that  were  horizontal  across  the  creek  and  sloping  with 
Sj.  in  the  direction  of  the  flow,    EAch  one  of  these  planes  represented 
an  ideal  water  surface,  wiiich  permitted  tlie  area  and  the  wetted  perimeter 
to  be  determined  in  each  one  of  the  43  cross  sections.    Figure  7  illus- 
trates this  procedure  and  shews  a  typical  cross  section  with  the  two 
range  ends  and  the  hooks  which  support  the  marker  chain.    The  line  A-3 
is  the  above  mentioned  water  surface,  projected  with  the  slope  Sj.  from 
the  center  of  tne  reach.    The  actual  cross  section  has  the  area  A-B-C-D, 
the  wetted  perimeter  of  the  bed  2-C,  and  the  wetted  perimeter  of  the 
banks  A-B  and  C-D.    This  actual  crocs  section  could  be  deterained  only 
by  a  large  mimber  of  measuring  point"?  plotted  on  a  scale  drawing.  As 
any  one  cross  section  is  not  representative  for  a  considerable  length  of 
the  river  due  to  normal  irregularities  in  a  natural  river,  it  seemed 
necessary  to  use  all  16  of  the  ranges.    This  relatively  large  n^omber, 
however,  suggested  the  application  of  a  simplified  method  of  computation. 
Thus,  the  actual  area  A-B-C-D  is  approxixiiated  by  the  shaded  area  In 
figure  7.    This  approximation  is  obtained  bv  extending  the  level  of  each 
meas\iring  point  on  tne  bed  0.75  foot  on  each  side  of  the  measuring  point, 
and  by  the  addition  of  a  45°  triangular  area  on  each  end  of  this  series 
of  rectangles.    This  substitute  area  is  rather  complicated  to  define, 
but  permits  a  simple  calculation  of  all  the  significant  variables. 
If  d  is  the  water  depth  in  feet  at  any  one  of  the  n  measuring  points  in 
the  section,  Uie  width  of  the  bed  is  1.5  n  feet.    The  cross-sectional 
area  is: 


A  -  1.5       d  +  1/2  (d^  +  d  ^) 

e  Ct 
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Tivhere  d    and  d  -j^  are  the  depths  at  the  t-.-:o  end  ineasuring  points,  i.e., 
points  f  and  if  in  figure  7,     The  perimeters  of  the  banks,  therefore, 
are : 

yfz  dg      and  /Fd^i 

In  figure  7  the  last  measuring  point  falls  very  close  to  0.75  ft  inside 
of  point  C,  thus  causing  the  approximation  to  check  rather  closely  mth 
the  true  section.     On  the  left  side,  point  3  falls  just  outside  the  bed, 
causing  the  approximation  to  be  too  short.    If  point  3  were  just  inside 
the  bed,  the  approximtion  would  be  the  same  amount  too  long.     It  is 
assumed,  therefore,  that  over  the  16  ranges  these  deviations  will 
compensate  one  another  for  all  practical  purposes. 

For  each  stage  the  areas  and  the  wetted  perimeters  of  the  banks 
and  of  the  bed  have  been  avei^ged  for  the  48  cross  sections,  and  these 
averages  plotted  in  figure  8  against  the  stage  as  measured  at  the  middle 
of  the  measuring  reach.     This  diagram,  therefore,  constitutes  the  des- 
cription of  the  representative  cross  section  of  the  measuring  reach  and 
is  used  in  all  calculations.     Even  for  flows  where  the  slope  of  the 
water  surface  differs  from  3^,  figure  8  can  be  used  because  the  repre- 
sentative stage  is  nieasured  in  the  :;iiddle  of  the  measuring  reach  v^hich 
is  midv/ay  between  the  two  stage  recorders  viiich  give  a  measure  of  slope 
and  stage  at  any  one  instance.    It  may  be  mentioned  tliat  the  represen- 
tative cross  section  itself  probably  carjiot  be  plotted  from  these  curves, 
but  this  does  not  prove  them  to  be  incorrect. 

The  velocity  measurement 

In  selecting  a  method  of  measuring  the  velocity  of  the  water,  two 
conditions  must  be  kept  in  mindi     (l)    the  average  velocity  over  the 
whole  measuring  reach  is  to  be  determined,  and  (2)  the  stage,  and  with 
it  the  velocity  is  changing  continuously.     The  most  desirable  method 
for  this  measurement  would  be  to  install  a  weir  equipped  with  an  auto- 
matic recorder.     Unfortunately,  hov/ever,  local  conditions  and  the  cost 
of  the  installation  made  this  method  impracticable.     Instead,  the  sur- 
face velocity  v/as  measured  over  the  whole  measuring  reach  by  means  of 
floats  at  rather  frequent  intervals  at  various  stages,  and  the  average 
velocities  calculated  \rj  a  reduction  factor  of  0,85.    An  occasional 
determination  of  the  discharge  Trith  a  Pitot  Tube  showed  very  close 
agreement  with  the  float  measurements.     Tne  results  of  the  various 
velocity  measurements  are  plotted  in  figure  8  against  the  stage  at 
the  center  of  the  measuring  reach.    A  curve  dravm  through  the  plotted 
points,  rather  than  the  individual  measurements,  was  used  in  all  cal- 
culations.   The  use  of  the  averaged  curve  appeared  justified  as  the 
deviation  of  the  points  from  the  curve  seemed  purely  accidental. 
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EXPEKIT.raiTAL  DATA 

The  neasurements  made  betv/een  /lugust  19  and  November  1,  1941, 
covered  a  rather  long  period  of  dry  weather.    The  total  rainfall  during 
the  period  v/as  only  3.55  inches  and  of  this  amount,  1.55  inches  were 
concentrated  in  one  storm  on  October  31.    The  rather  warm  temperature 
and  the  lack  of  high  floods  were  conducive  to  th3  establishment  of  a 
luxurious  grovrth  of  various  plants  on  the  stream  banks.    This  quick 
growth  probably  explains  the  relatively  hi-^h  roughness  of  the  banks  as 
indicated  in  the  analysis  of  the  data.    Besides  the  various  observations 
from  which  figure  8  was  prepared  the  observational  data  included  measure- 
ments of  the  rate  of  bed-load  transportation  and  records  from  the  two 
stage  recorders.    Table  3  gives  a  complete  suroniary  of  all  observed  and 
calculated  data  from  the  Mountain  Creek  study. 

During  the  period  when  observations  were  being  made,  two  floods  of 
about  an  hourte  duration  each  v.^ere  artifically  produced  by  releasing  water 
from  the  small  mill  pond  upstream  from  the  measuring  reach.    The  falling 
stages  during  these  artificial  floods  were  observed  to  decrease  much  more 
rapidly  than  during  natural  floods.    Because  of  this  relatively  rapid 
decrease  in  stage,  the  flow  was  unable  to  affect  the  same  readjustment  in 
the  configuration  of  the  bed  surface  as  under  natural  conditions;  conse- 
quently the  bed  configuration  at  a  certain  stage  v^as  representative  of  a 
configuration  characteristic  of  a  much  higher  stage  during  a  natural 
flood.    Measurements  made  during  these  unnatural  conditions  arc  considered 
separately;  as,  for  instance,  the  velocity  curve  shov/n  in  figure  8. 

The_  sediment  measurements 

In  table  3,  column  1  gives  the  date  of  the  observation;  column  2 
the  time  of  the  measurement;  column  3  the  duration  in  minutes  of  the 
particular  measuring  period;  and  col\imn  5  the  rates  of  transportation  as 
determined  from  the  records  of  the  weighing  tank. 

Although  the  weighing  tank  gives  a  continuous  record,  the  pumping 
periods  were  divided  into  measuring  periods  ranging  from  10  to  60  minutes 
for  the  convenience  in  calculation.    The  short  periods  were  used  for  high 
stages,  when  stage  and  rate  of  transportation  were  changing  rapidly,  and 
the  longer  periods  were  used  for  lov/  stage,  when  rates  were  small  and  a 
reasonably  exact  reading  of  the  accumulation  of  sediment  in  the  tank  was 
possible  only  with  longer  periods  of  collection. 

Although  separate  mechanical  analyi:<="=  for  determining  tlie  coinpo- 
sition  of  the  transported  material  were  not  made  for  each  measuring  period, 
a  sufficient  number  of  samples  were  collected  and  analyzed  to  give  a  reason- 
ably accurate  measure  of  the  composition  of  the  bed  load.    Each  time  the 
tank  was  flushed,  a  sample  of  the  sediment  was  taken  for  a  mechanical 
analysis,  so  that  each  analysis  represents  the  composite  material  from 
several  measuring  periods. 
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TABLE  3  ■ 

SUMMARY  OF  DATA  ON  BED-LOAD  TRANSPORTATION   AND  BED  ROUGHNESS 
OBSERVED  IN  MOUNTAIN  CREEK/GREENVILLE,  S.  C, 
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A  great  nuribor  of  these  mechanical  analyses  have  been  plotted  in 
figure  9.     They  are  classified  as  to  high  and  lew  rates   (higher  or  lov/er 
than  1,000  Ibs/hr.)  and  coi:ipared  with  a  group  of  bed  samples  taken 'in 
March  1941  throughout  the  v/hole  measuring  reach.    Despite  the  scatter, 
which  probably  represents  sar:ipling  errors,  there  appears  to  be  little, 
if  any  significant  differences  bst'A'een  the  different  groups  of  curves, 
thus  indicating  that  the  mixture  for  Mountain  Creek  moves  like  uniform 
grains  under  the  prevailing  flow  conditions.     If  the  bed  samples  are  the 
same  as  the  transportation  sanples,  particles  of  all  sizes  must  have  the 
same  average  velocity,  and  behave  similarly  at  both  high  and  low  stages, 
which  is  just  the  predominant  characteristic  of  uniform  grain.     The  only 
variable  describing  transportation  in  this  case,  therefore,  is  the  rate 
of  transportation  and  it  seems  very  probable  t.^.at  the  v,-nole  fixture  can 
be  described  by  one  representative  grain  diameter  such  that  the  rates  of 
transportation  ape  the  seune  as  for  a  bed  composed  of  uniform  grains  of 
this  representative  size, 

T^ie  liydraulic  measurements 

As  previously  mentioned,  all  velocity  measurements  are  shovm  in 
figure  8  with  a  smooth  curve  drawn  through  the  plotted  points.  This 
curve  was  used  for  the  determination  of  the  average  velocity  as  a  function 
of  the  stage  in  the  center  of  the  measuring  reach. 

The  stages  at  the  tv/o  ends  of  the  measuring  reach  ere  recorded 
in  columns  6  orxd  7  of  table  3.     The  figures  r-ipresent  the  average  of 
the  values  observed  at  the  beginning  ard  end  of  the  measuring  periods. 
During  floods,  v;hen  the  stage  changes  are  reletivelv  rapid,  changes  in 
discharge  move  dov,Tistream  vrith  the  velocity  of  a  small  wave.     The  v/ave 
velocity  in  this  case  is  not  high  and  the  changes  take  a  relatively 
long  time  to  travel  the  entire  length  of  the  measuring  reach.  This 
time  amounts  to  soir-ething  in  the  order  of  10  minutes  for  low  stagec. 
For  this  reason,  during  a  fast  rising' flood  the  discharge  may  be  much 
higher  at  the  upper  end  of  the  reach  than  at  the  hopper.    In  such  in- 
stances the  energ;^'  grade  line  is  not  the  same  as  the  slope  of  the  water 
surface  and  a  correction  must  be  introduced  for  "wave  action",  Unfor- 
timatoly,  the  stage  recorders  do  not  permit  the  time  to  be  read  with 
sufficient  accuracy  for  such  a  detailed  correction.     The  follovfing  pro- 
cedure was  adopted  to  overcome  this  difficulty. 

In  addition  to  the  slow  changes  in  discharge,  every  flood  has 
some  wave-like,  rather  sudden  changes  in  discharge  which  can  be  traced 
downstream  from  one  recorder  to  the  other.    As  a  particular  wave  passes 
the  various  ranges,   it  is  accompanied  by  the  same  discharge,  ard  there- 
fore, the  corresponding  stage,  which  are  usable  for  the  determination  of 
the  energy  grade  line  for  that  diooharge,     Tne  only  partly  correct  assump- 
tion made  was  that  tiie  time  intei*val  betrz/een  corresponding  stages  is 
a  constant  for  any  one  flood.     This  tizie  has  been  found  to  be  a  little 
less  than  10  minutes.    All  stage  readings  taken  during  floods,  therefore. 


Grain  diometer  "d"— Millimeters 
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are  taken  about  10  ainutes  earlier  at  ran^e  15  than  at  range  0.  Even 
for  lo';T  stages  of  loiie  duration  vrhen  a  difference  of  10  minutes  is 
insignificant,  all  readin^,s  "^rere  nade  at  this  saiae  10-minuto  interval 
to  make  the  procedure  unifona* 

Coluran  8  of  table  3  is  the  average  of  the  readings  in  coluian  6 
and  coluian       and  is  the  stage  at  tlie  center  of  the  measuring  reach. 
It  is  this  gage  readirg  that  is  used  in  figure  8  to  determine  the  pre- 
vailing average  velocity  (coluran  10),  the  average  area  (coli.uun  11),  and 
the  avera-je  wetted  perimeters  (colu-'ruiS  12  and  1-4).    The  average  slope 
(column  9)  is  calculated  by  dividinj^  difference  of  the  trro  gage  readings 
(coluajns  6  and  7)  by  the  distance  of  750  feat.    Column  U  gives  the  temper- 
ature of  the  water  in  degrees  C. 

APPLICATION  OF  FOFJ.fJLAS 

From  the  data  given  in  table  3»  the  rate  of  transportation,  dis- 
charge, and  olope  coald  be  plotted  as  a  iuncticn  of  stage  (coluan  S)  as 
was  done  in  fi^-ure  8  with  the  n<9an  velocity.    The  points  would  more  or 
less  closej.y  follow  a  curve,  but  would  have  no  general  significance. 
Since  rio  general  conclusions  could  be  obtained  frt^m  such  plots  the 
graphs  are  not  included  in  this  report. 

The  problem  of  Mo^jiatain  Creel:  vas  defined  in  the  introduction  as 
an  extension  of  fl.ume  studies  to  natural  rivers.    It  is,  therefore, 
logical  to  use  all  possible  infortaation  from  past  flume  studies  to  express 
the  results  of  river  measurements  in  xjie  moat  general  Tff.y,  maKLng  tneoi 
comparable  wita  all  available  infomiation,    A  bed-load  formula,  in 
general,  expresses  the  rate  of  transportation  as  a  function  of  the  dis- 
charge and  of  the  physical  characteristics  of  moving  sediaent.  For 
simplicity  in  the  analysis  of  the  problem  both  the  transportation  and 
discharge  are  expressed  as  a  rate  per  unit  width  of  the  bed.  This 
reduction  to  a  unit  basis  is  fairly  simple  for  the  tran3jx>rtation,  t\it 
probably  requires  some  explanation  for  the  dischai'ge.    It  is  general 
usage  in  friction  formulas  to  describe  tne  size  of  a  cross  st'ciion  by 
means  of  the  hydraulic  radius.    It  has  been  shown  {2,  3)  that  the 
hydraulic  radius,  R  «  A/P,  numerically  equals  that  part  of  the  cross- 
sectional  area  pertaining  to  a  certain  unit  length  of  the  wetted  perine- 
ter#    Each  unit  length  of  the  wetted  perimeter  with  its  corresponding 
area  forms  a  unit  for  the  dissipation  of  energy  d.nsofar  as  the  energy  of 
the  water  in  the  area  is  transformed  into  turbulence  along  the  wetted 
perimeter.    The  roughness  of  the  bounc!»^''  dstermires  its  ability  to 
dissipate  enei^;  therefore,  when  the  ixjughness  varies  over  a  cross 
section,  it  is  evident  that  tlie  rougher  parts  will  dissipate  more  energy. 
Inasmuch  as  each  square  foot  of  cjvDss-sectional  area  contributes  a  like 
amount  of  energy  to  the  dissipation  along  the  boundary,  a  rougher  part 
of  the  boundary  will  utilize  per  unit  length  the  energy  froa  a  larger 
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part  of  the  area  than  a  smooth  part.    Therefore  rougher  parts  of  the 
boundaiy  have  relatively  greater  hydraulic  radii.    It  is  often  ass\iraed 
that  friction  along  the  banks  can  be  neglected  if  the  width  of  the 
section  is  greater  than  10  times  the  depth.    The  contrary  has  been  found 
for  Mountain  Creek  where  "ttie  banks  are  relatively  much  rougher  than  the 
bed. 

It  has  also  been  proved  in  the  analysis  of  flume  experiments  Q) 
that  the  transportation  of  bed  load  depends  on  the  dissipation  of  energy 
and  that  only  that  part  of  the  energy  is  effective  that  is  transformed 
into  turbulence  along  the  bed.    It  is  evident,  therefore,  that  the 
question  of  "side-wall  effect"  is  as  important  for  bed-load  transportation 
as  for  the  friction  itself. 

Side-wall  effect 

Any  friction  formula  such  as  Manning's  gives  the  energy  loss  of  a 
stream  along  certain  solid  boundaries.    As  Manning's  formula  is  one  of 
the  best  and  most  convenient  for  rough  bo^undaries,  it  will  be  used  in 
this  report.    In  Mountain  Creek  the  water  is  in  contact  with  the  banks  as 
well  as  with  the  bed  and  consequently  energy  is  dissipated  along  both. 
It  has  been  found  that  the  friction  coefficients  governing  the  energy 
dissipation  along  the  different  parts  of  a  wetted  s^orface  are  independent 
of  each  other.    Based  on  this  fact,  the  writer  has  developed  a  method  for 
distributing  the  energy  loss  among  the  parts  of  the  wetted  perimeter 
with  different  roughness  (g)  (2)  and  this  method  will  be  used  to  determine 
the  friction  along  the  stream  banks  tiiat  does  not  contribute  to  the 
movement  of  bed  load.    The  application  of  the  method  is  the  same  as  in 
flume  experiments  except  that  in  a  natural  stream  the  banks  usually  are 
not  vertical. 


In  describing  the  method  the  following  symbols  are  used: 


'^b 

m 

Manning's  n  for  the  bed 

nw 

m 

Manning's  n  for  the  banks 

Pb 

c 

The  wetted  perimeter  of  the  bed 

Pw 

m 

The  wetted  perimeter  of  the  bank 

Rb 

as 

The  hydraulic  radius  of  the  bed 

Rw 

The  hydraulic  radius  of  the  bank 

h 

m 

The  area  of  the  cross  section 

Ab 

B 

Part  of  the  area       pertaining,  to  the  bed 

n 

Part,  of  the  area       pertaining  to  the  bank 

V 

m 

Average  velocity  of  the  water  in  the  cross  section 

Se 

m 

Slope  of  the  energy  grade  line 

j 
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Th©  following  equations  express  the  relationships  existir^  anong 
the  verifibles  dxiring  any  measurir.g  period: 

K  -  bi 

hr 

V  .  liM  Hb^^'^  Se^^^ 

rib 

V  -  1^  R,'/^  3,^2 

Of  the  11  variables  in  ths&o  eqtiations  the  following  five  irero 
determined  for  Mountain  Creek  and  are  given  in  table  3$ 

in  coluisn  11 
Pjj  in  column  14 
Pw  in  colusai  12 

V  in  coluxsn  10 
Sq  in  coliian  9 

If  one  core  variable  is  known  the  rejoaining  five  can  be  calcu- 
lated.   The  procedure  used  to  overcoae  this  difficulty  was  to  compute 
sets  of  values  for  the  other  variables  using  different  assuiaed  values 
for  the  roughness  of  the  banks,  n^,  and  compare  the  results  with  known 
values  derived  from  flume  experixients.    The  calculation  for  the  different 
values  of       are  found  in  the  following  coluons  of  table  3i 

for       ,  Co 068  coluone  17-20 

0.062  21-2A 

0.056  25-28 

0.050  29-32 

O.OU  33-36 


The  friction  forciula 


Roughness,  in  general,  cannot  be  described  by  a  single  figure. 
In  addition  to  the  size  of  the  roughness-unit,  its  form  and  distri- 
bution over  the  surface  are  also  important  factors  affecting  the  ability 
of  a  cross  section  to  transforn  energy.    In  the  case  of  a  granular  bed, 
however,  all  roughness  units  have  sisdlar  fora  and  they  cover  the  entire 
surface.    In  this  case,  the  assumption  seems  reasonable  that  the  size 
of  the  particles  alone  detenaines  the  roughness  coefficient. 
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S trickier  was  probably  the  first  to  discover  that  Manning's  n  is 
prciX)rtional  to  the  l/bth  pcver  of  the  diameter  of  the  grains  for  a 
granular  bed  without  bed-load  mover.ent  (^).     By  mcasureiaents  in  natural 

streams,  he  found  th^'t  the  value  n/V^  (v^here  D  is  the  grain  diameter), 
would  increase  when  transportation  begins.    He  assumed  that  a  change  in 
the  position  of  the  single  particles  in  the  bed  caused  this  change. 
Another  explanation  would  be  that  the  transportation  itself  consujiies 
soiue  energy  and  tiius  e,ives  an  apparent  increase  in  the  roughness.  In 
this  case  the  vplue  ti^^sf^  should  be  a  rather  continuous  function  of  the 
intensity  of  transportation. 

This  part  of  the  transportation  problon  is  even  less  solved  than 
tiie  transportation  equation  itself,  mainly  because  it  requires  a  very 
precise  measvrenent  of  the  slope.    Inability  to  meet  thiis  required 
precision  is  a  weai-Tnesa  common  to  most  flume  studies.    In  the  Mountain 
Creek  study  it  will  be  given  equal  attention  with  the  transportation 
equation,  especially  because  the  great  length  of  the  measuring  reach 
permits  a  reasonably  dependable  slopo  measurement. 

If  the  values  Ab>  A^,  Rb»         Rw>         eliminated  from  equations 
1-5,  the  following  equation  is  obtained: 

At  .  Se^A  .  1.^86^/2      „       3/2      ^  3/2 
  -  '^D  "b       -  Pw  rv 

During  each  measuring  period  sll  vtlues  in  this  equation  with  the 
exception  of  n-^  and       can  be  measured.    This  equation  gives  a  straight 

Urie  if  nj-)^/'-  is  plotted  against  r*^-'/^.    The  curve  for  each  ueasuring 
period  can  be  easily  esoablished  if  n^/^  is  computed  for  nb  =  C,  then 
nb3/2  coropi.ted  for  n^  c  0,    These  values  ar^;  shown  in  columns  13  and  15 
in  table  3  s^id  are  plotted  in  figure  10,    It  "rtill  be  noted  by  a  careful 
cxamii  ation  of  these  cui'ves  tfiat  they  become  relatively  flat  as  the 
stage  and  x'ate  of  transportation  increase  and  tend  to  be  relatively 
steep  for  the  low  stages, 

F;x«-;ept  for  the  few  curves  indicated  by  dashed  lines,  which 
ajply  to  stages  after  the  crests  of  the  two  artificial  floods,  it  is 
observed  that  all  cur  res  pass  through  or  near  the  po  int  n^/^  ^  0,0176 
arid  Xiyy'/'^  0,0C132  or       »  0.0680  and       -  0,0120,     iioes  this  point 
1-r.ve  any  signif-i  (^ai.ce?    Before  an  atter.pt  is  .Tidde  to  answer  ttds 
question,  the  significance  of  any  one  of  the  curves  in  figure  10  must 
be  determined.     As  previously  mentioned  n^/2  is  a  measure  for  the  bank 

roughness  and  nj.3/2  is  a  measure  of  the  bed  roughness.    Each  one  of  the 
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CTirves,  therefore,  indicates  tha  coabinations  of  values  that  are 
possible  according  to  this  one  set  of  iseaeur eraen ta .    It  wist  be  noted, 
however,  that  only  one  of  all  those  combinations  of  values  is  the  true 
valxiej  hence,  if  all  lines  pass  through  one  point,  and  if  the  roughness 
coefficients  are  both  constants,  this  point  definitely  represents  the 
true  relation.    In  the  Mountain  Creek  stucfy  it  is  not  known  whether  the 
roughness  coefficient  of  the  bed  is  a  constant  or  a  variable.    It  is 
safe,  however,  to  assume  that  n^  is  a  constant,  and  it  is  known  rather 
definitely  from  other  experiences  that  the  roughness  of  the  bed  "will  not 
decrease  with  increasing  transportation. 

A  constant  value  of  n^  is  found  on  any  horizontal  line  in  figure 
10,    The  true  values,  therefore,  must  concentrate  on  one  horizontal  line. 
If  n^j  is  constant  as  pre-diously  mentioned,       ■  0.068  and  n^  ■  0.012, 
but  if  nb  increases  with  increasing  transportation,  it  is  readily  seen 
that       must  be  saaller  than  0.068,  becausa  only  below  this  point  will 
high  rates  give  greater  values  of  n^  then  low  rates.    This  is  the  reason 
why  in  coluans  17-36  in  table  3,  the  various  data  have  been  completed 
with  assumed  values  of      which  range  froa  0.0^4  to  0.068. 

It  has  been  found  in  fomer  flume  studies  with  material  of  uniform 

grains        that  the  value  of  rx/sfD~  for  zero  transportation  is  1/24  when 
D  is  rsaasured  in  meters  or  1/51.7  ■  0«019A  "^hen  D  is  meas^l^ed  in  cm. 
It  has  been  found  that  this  same  rule  cen  be  applied  to  natural  sand 
mixtures  if  the  diameter,  D,  is  selected  so  that  65%  of  the  material,  is 
finer  than  D.    For  Momtain  Creek  this  diameter  according  to  figure  9 
is  0.110  cm.    The  friction  factor  of  the  bed,  therefore,  is  expected  to 

be  n^,  .  0,0194  v'0. 110  «  0.0134.    As  this  value  is  in  the  neighborhood  of 

-  0«0120  found  for  n^  -  0.068,  the  true  value  of  n^  is  probably  in 
that  vicinity. 

The  same  experiments  that  led  to  the  constant  for  the  detenainatioa 
of  the  roughness  according  to  Strickler  (snd  which  is  slightly  different 
froa  Stricklsr's  orm  valua)  also  ehowed  that  this  factor  changes  con- 
tinuously rith  increasing  rates  of  bed-load  transportation.    A  strictly 
eapirical  curve  has  bean  derived  froa  these  experiments  and  gives  the 
change  of  the  factor  in  terms  of  transportation,    Ihis  curve  is  compared 
with  ths  resulting  roughness  factors  for  different  agauaed  values  of  n_ 
in  figure  11,  iial  is  discussed  below,  together  with  the  frosentation  o? 
the  transportation  measurements. 

• 

Ped-load  fonaiila 

A  number  of  bed-load  formulas,  varying  in  range  of  applicabili-ty 
and  accuracy,  have  been  proposed.  Some  of  thaa  are  strictly  empirical, 
while  others  are  bassd  on  sooe  theoretical  backgroxaad.  If  all  of  these 
foiHulaa  are  used  in  an  att^pt  to  estiisate  the  rate  of  transportation 


Figura  II-  Variation  of  ^  am  y^m^  mt*  of  troniponotion  for  various  o»»um«<J  s*<Jt-woil  roughn«»i«» 
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for  a  given  flow  condition  the  results  vary  within  unreasonably  "wide 
limits.    The  writer,  after  revierring  a  large  number  of  representativo 
experiments,  has  proposed  the  y^- <p    bed-load  formula  (_3).  This 
relationship  to  concentrate  a  maximma  of  available  data  into  a 

single  curve,  and  is  used  for  comparative  purposes  in  analyzing 
Mountain  Creek,    In  the  V^-  <^    relationship  the  intensity  of  bed- 
load  transportation 


is  plotted  against  the  hydraulic  variable 

q>  can  be  interpreted  as  the  ratio  of  the  velocity        _^^y  ^    the  bed 
load  -would  have  if  it  mxrved  down  the  river  as  a  solid  iaya/  of  the  thiok- 
ness  D  (grain  diain.eter),  divided  by  the  settling  velocity  F \/ ^ JJ -^^ 
of  the  sediment  particle  in  water.    }^    can  be  interpreted  as  the  r^tio 
of  the  weight  of  the  grain  (S^s'^f^  %        divided  by  the  friction  of  the 
flow  ^t,^.f-  '^'^'ting  on  the  portion  of  the  bed  covared  by  tho  particle* 

(Disregarding  certain  nvuaerical  constants  of  the  order  of  magnitude  equal 
to  unit,  which  must  bo  determined  as  statistical  averages), 
• 

F    =    Factor  in  Rubey's  equation  for  the  settling 
velocity  (0,816  for  Uountain  Creek  sand)  (3^) 

qg  3    Rate  of  transportation  in  weight  under  water 
per  foot  of  width 

g    =    Acceleration  of  gravity' 

jDg  and      f  «    Density  of  the  solid  sediment  and  the  fluid, 

respectively 

D    a    Representative  grain  diameter 
Se  -    Slope  of  the  energy  gradient 
R^  ■    %dmulic  radius  of  the  bed 

From  this  short  interpretation  of  the  tvro  parimeters    y/"  and  (p 
one  might  get  the  impression  that  the  bed-load  formula  is  an  equation 
between  averages  like  most  hydraulic  equations.     In  reality,  this 
formula  is  Qf?riv6d  as  a  relationship  bati-'-sen  the  statistical  nioven-;ent 
of  sediment  gri^ins  and  the  statistical  velocity  distribution  in  a 
turbulent  flow.      This  fact  explains  the  rather  complicated  shape 
of  the  curve. 
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The  Intensity  of  trans portatdon  6  ,  ahoim  in  col'.uan  16  of  tabl* 
3    is  not  depsndent  on  ^he  choice  of  tvhe  sida-^all  friction.    The  valufl 
of  W  h^is  been  calcvlatt;d  for  the  5  different  assuaed  values  of  n,,  and 
appears  in  the  colu:ins  19^  23,  27,  31.  ^rA  35.    For  this  latter  calcu- 
lation D  «  0*63  n^,  was  iiiiro^lucad.  which  corrosponds  to  the  sieve  sise 
through  which  3t>%  of  tha  ziixtvre  passes  (1).    Thg  l:^-drat^lic  radius  of 
the  bed,  Rk,  ia  introduced  becaijise  only  flow  along  the  bsd  is  responsi- 
ble for  transportation*    In  thQ  Ictrsr  part  of  the  diagr^as  in  figure  11 
the  values  of       are  plotted  ai^ainst  ths  int'^nsity  of  trsnspci^ation  $  . 
The  fact  tnat  tho-  ss:23  intsnsitj'  of  transportation  errfcars  both  xh^ 
relationships  for  trsnspoi-tation  and  friction  eraphasisaa  its  Ijuportanc© 
and  shows  the  close  relation  bstwean  the  two  laws. 

Each  one  of  the  5  graphs  showr:  iii  figure  11  rapressnts  the  n^  ard 
V  values  for  all  measuring  periods  calculated  for  one  of  the  assumed 
values  of  n^^.    For  cor.parison  the  c\irve3  are  shown  which  s'X'naarlza  ths 
results  dari vad  froia  flvrna  experirisnts,    A  review  cf  theca  diagraias 
shows  tliat  for  c^,  «  0«,063  all  sigiiiiicsiit  points  are  above  the  fluxoa 
experiment  curveb,    Fbr  %  »  0*062  the  points  ars  closer  to  the  ciarves 
but  still  t-KJ  hij.;h*    7cr  r:^  »  OaO^o  ^^va  nv,  values  are  sli^'htly  abo-6^  tha 
line,  but       app€a;r3  to  fit  the  curve  reasonably  well,    yor  n^f  ■  0.050, 
and  especially  for  n^  «  OoOAA,  tiie  points*  seeia  distinctly  too  Ic^p  but 

■  0,056  appoara  to  represent  the  trae  value  or  at  least  is  closest  to 
the  cm*v8,  consdquojntiy,  this  value  cf  a.,  is  used  in  all  aubsaquent 
computations  of  trie  Mountain  Creek  data. 

In  each  of  the  diagrt^as  in  figure  11  some  of  the  points  btq  vmrkad 
by  a  circle.    Tn&y  represent  ceasursiiisnts  during  the  rapiajy  falling 
stages  of  the  two  artificial  floods,    Diuring  these  stages,  a  distinctly 
abnonaal  flow  took  place^  that  is,  the  average  velocit75  the  slope,  snd 
the  rates  of  tri:r!spor'tation  are  coEpletely  out  of  haraony  with  tha 
results  of  the  fliiiia  expsricfinta*    This  lack  of  hanaony  did  not  occur 
during  or  after  ai'jy  natural  flood  and  aust       caused  by  the  svjddea 
decrease  ±i\  disGharga  that  oceurre-d  during  the  artificial  floods.  For 
this  reason,  these  points  are  discarded  as  not  characteidstic  for  natural 
flows  in  a  natural  river# 

It  must  be  noted;  hc?iever,  that  a  similar  de^.lation  of  tha  points 
has  been  observed  in  sons  of  the  fluae  studies  conducted  at  th9  U,  S, 
Tfaterweya  Experiinent  Station,  Vlcksburg,  Miss,    These  experiments  hav» 
been  discussed  previously  (2)  and  it  was  shown  that       for  thsse 
oxperitients  is  lov.  43  is  the  case  for  the  8-rtificial  floods  on  lioimtain 
Creek,    A  simple  caJ.culatdon  reveals  that  'J^e  beds  in  both  the  fl-.r-g  and 
in  Mountain  Creik  -£^ar•^  too  rough  as  compai-ed  with  the  riorEal  condition. 
For  the  e^qslanation  of  these  anwmalies,  it  will  be  well  to  bear  in  aind 
how  they  developed  in  iiountain  Creek, 
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The  configuration  of  the  surface  of  the  bed,  the  distribution  of 
the  different  grain  sizes  on  tirie  bed,  and  a  certain  stratification  in 
the  top  layers  seem  to  change  characteristically  v±th  the  stage.    If  the 
stage  drops  suddenly  from  a  eoinparatively  high  value  to  a  low  value, 
accompanied  by  very  small  rates  of  transportation,  the  intermediate 
stages  will  not  have  tine  to  change  the  structure  of  the  bed  end  they 
will  all  flow  over  a  bed  whose  conf igtiration  is  characteristic  of  che 
bed  during  a  higher  stage.    The  relative  characteristics  of  a  high-water 
bed  and  a  low-water  bed  cannot  be  definitely  described  because  of  the 
iapossibility  of  collecting  bed  saa^jles  during  flood  stages. 

Concluding  the  discussion  of  the  application  of  known  formulas 
to  the  measurements  in  Mc^ntain  Creek,  the  following  statements  can  bd 
madet 

(1)  The  rats  of  transportation  in  Movmtaln  Creek  can  be  descidbed 
by  the  y^-  ^  method  and  follovrs  the  same  curve  £s  flume  experiments  with 
uniform  grain  sise  if  the  roughness  of  the  banks  is  assumed  to  be  ^ 

■  0eO56  and  if  a  grain  diameter,  i^hich  corresponds  to  the  sieve 
through  which  35  percent  of  tlie  sdjcture  passes,  is  introduced  as  reprs- 
sentativoo 

(2)  The  rotaghness  of  the  bed  can  be  described  by  Strickler's 
formula  if  that  sieve  size  through  which  65  percent  of  the  airture  passes 
is  introduced  as  the  representative  diameter  for  roughness.    The  rou^- 
ness  of  the  bed  iricreaaes  with  Increasing  intensity  of  transportation 
according  to  the  same  curve  that  has  been  derived  from  flume  experiments 
with  uniform  grains. 


APPLICATION  OF  THE  RESULTS 

In  the  preceding  discussion  the  characteristics  of  the  flow  and 
bed-load  transportation  in  Mountain  Creek  were  described  as  accurately 
as  possible,  and  it  was  found  that  three  equations  or  principles  tr.at 
govern  the  flow  and  transportation  on  a  uniform  Eovable  bad  as  derived 
from  flume  experiments  were  applicable  to  this  stream,    Ttiey  are: 

(1)  The  equation  for  transportation  of  bed  load 

(2)  The  equation  for  the  roughness  of  a  laovable  bed  as 
I'epresented  by  the  n^  -  ^  cuz^. 

(3)  The  equation  for  the  distribution  of  the  energy  spent 
by  the  flowing  watar  between  the  different  parts  of 
the  wetted  perimeter,  if  the  different  parts  have 
different  roughness. 
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The  accord  between  the  equatic«ns  derived  from  flume  experiments 
and  the  measurements  in  the  creek  is  so  close  over  the  xhole  length  of 
the  curves  Vi&t  it  cannot  be  a  mere  coincidence.    It  seems  rather  safe, 
therefore,  to  sssume  the  applicability  of  the  curves  not  only  for  the 
measuring  stretch  in  Mountain  Creek,  but  also  for  other  flows  of 
similar  character.    Thus,  it  is  possible  to  calctilate  the  capacity  for 
transportation  of  any  similar  stream  using  merely  a  description  of  its 
bed  by  cross  sections  and  a  mechanical  analysis  of  the  bed  material. 

The  Mountain  Creek  slopes  for  each  measuring  period  were  measured 
individually  end  the  average  velocity  in  terms  of  stage  was  determined 
by  direct  measurement.    In  the  case  of  other  streams  where  these 
measureiosnts  are  not  available,  another  method  must  be  devised.  This 
can  be  accomplished  by  the  use  of  an  "idealized  section**  with  a  level 
bed,  ihe  average  bed  slope  for  the  energy  gradient  at  all  stages  and 
velocities  calculated  by  the  friction  formula,    A  roughness  factor  for 
the  banks,  of  course,  must  be  assumed. 

To  siujjriarize  ttie  Mountain  Creek  data  twin-diagrams  are  used  which 
show  rate  of  bad  load  transportation  and  water  depth  as  functions  of  tha 
discharge.    In  such  diagrams  tlie  stage-discharge  relation  indicates  the 
tendency  toward  channel  flooding  and  the  discharge- transportation 
relation  iridicates  the  tendency  toward  change  in  the  bed.    These  two 
conditions  underlie  the  most  important  problems  to  be  studied  on  any 
reach  of  a  river. 

To  Illustrate  the  general  principles  involved  in  the  calculations 
of  the  hydraulic  and  sedimentary  characteristics  of  a  reach  of  &  river, 
the  Mountain  Creek  data  will  be  discussed  and  then  the  method  will  be 
used  to  stud^^  the  effect  of  changes  in  tha  different  characteristics  for 
the  sane  reach.    By  this  method  it  is  possible  to  study  separately  the 
influoice  of  different  characteristics  such  as  width  of  the  bed  and 
roughness  of  the  banks,  and  also  to  compare  the  effectiveness  of 
different  artificial  controls  in  changing  the  flcnt  conditions. 


The  idealized  section 


The  cross  section  as  defined  by  the  curves  in  figure  8  is  rather 
complicated  and  cannot  be  determined  without  extensive  measurementSo 
It  is,  therefore,  replaced  by  an  idealized  section  with  a  horizontal  bed 
of  the  sane  width  as  the  average  section  (14.22  ft.),  banks  sloping  Ijl, 
a  roughness  of  n^  «  0.056  previously  calculated  (figure  11)  and  an  over- 
all slope  of  S  «  0.00150. 
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The  main  diraensiond  of  thy  section  arex 

-  O0O56 


Figxure  12.— The  ideali-^ed  seccion 
for  Mountain  Creek. 


d    «  water  depth  in  ft. 
Area  «  d  (14,22  *  d)  sq.  ft. 
Pb  -  U.22  t. 
P   •  2.83  d  ft. 
S    -  0,00150 


Grain  diamelier  for  transportaticn  -  D^^  ■  O.O68  cm. 
Grain  t^daiet^r  for  roughness  -  D^^  «  0.310  cm. 


The  following  formiTas  are  used: 


K 


Here    Qg    is  ti-ie  total  transportation  in  pounds  under  crater 
par  hour 


Then 


1/2 

V  ,  1,436  S       R  2./'5 


is  used 


where  n^^  is  det-r-tn.'ned  frcm  figa;  e  11  for  different  values  of  ^  ,  and 

The  wetted  area,  d(U.22  >  d)  -  U.22  Rfe  ^  2.83  d 
or    d^  ^  (U.22  -  2.8J  R^)  d  -  U,22       .  0 

gives  t'le  water  depth  d;  that  is, 

(14,22^2. 8J  R^) 
a  «  -  ~  ■  -  ,        — — . —  t, 


'lA,22-2«83 


22  R, 


and 


Q  «  V.d  (U.22  +  d) 
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The  calculation  of  ti-8  discharge-stag©-transjx>rtation  relation- 
ship for  amy  such  section  by  the  above  equations  can  only  be  made  by 
the  trial-fsnd-error  nethod  unless  the  calculation  is  started  by  asavasdng 
valuee  of  the  transportation.    For  various  rates  of  transportation  the 
Talues  of  ^  can  be  calculated  and  i^  and  n^,  detenalned  froa  figure  11, 
The  other  terms,  R^j,  V,  R^,  d  and  Q  can  then  be  calculated  easily  in 
this  sequence.    Table  2  gives  this  calculation  for  six  values  of  assumed 
rates  of  transportation* 


Tablo  2«— Relationship  of  Qg,  d  and  Q  applying  to  the  idealized  section 


Qs 

Rb 

"b 

V 

d 

Q 

Lb8,/hr.* 

Feet 

Ft./Sec, 

Feet 

Feet 

C.f,c. 

10 

0,0030 

16,5 

0.144 

0,0135 

1,18 

1,23 

0,18 

3,06 

30 

Oo0090i; 

13»75 

0.173 

0,0137 

1,30 

3-42 

0.24 

4.51 

100 

0.0301 

10.8 

0.220 

0,0140 

1,50 

1.76 

0,33 

7.2C 

300 

0.0904 

8.2 

0.290 

0,0148 

1.70 

2.13 

0.47 

11.7 

1000 

0.301 

5.40 

0,440 

0.0175 

1.90 

2.51 

0.79 

22.5 

«UQder  water. 


A  plot  of  Qa  and  d  against  Q,  the  two  most  important  curves,  is 
shoem  in  figure  13.    For  comparative  purposes,  the  experimental  data  froa 
table  3  are  aleo  sho^n  in  figure  13.    As  might  be  expected,  the  m8asure~ 
Hents  show  a  small  systematic  deviation  from  the  curves  in  figure  13  but 
still  this  deviation  is  permissible  for  practical  purposes  and  is 
definitely  enialler  than  tlie  errors  involved  in  estimating  the  duration  of 
various  discharges  for  some  pei*iod  of  time  in  the  future.    Again  trie 
measurements  made  durir^g  the  falling  stages  of  the  two  artificial  floods 
give  the  greatest  deviations  and  may  be  discarded  for  practical  us©  as 
previously  explained. 

As  calculations  based  on  this  idealized  section  give  results  Uiat 
compare  satisfactorily  with  actual  iieaj'.irea: jnts,  it  will  be  used  to  stu^ 
the  influence  of  changes  in  the  cross  section  on  the  capacity  for  both 
water  and  bed  load.    As  a  first  example,  the  iniluence  of  the  width  of 
the  bed  is  discussed  because  it  is  generally  assumed  to  have  a  strong 
influence  on  the  carrying  capacity  of  a  stream. 
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(cubic  feet  per  second) 
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Influence  of  the  T?idth  of  the  bed 

Ths  concentration  of  vrater  into  a  narroTsrer  channel  is  generally 
supposed  to  increase  it3  ability  to  k\ove  bed  load.    In  general  this 
statement  is  true  but  in  our  special  case  it  is  not.    Figure  H  shows 
rate  of  trims  portal  ion  and  stp,g8  plotted  against  discharge  for  bottom 
widths  of  10.22,  1^.22,  and  16.22  feet,  determined  by  a  computation 
procedure  sixailar  to  table  2. 

As  expected,  it  is  seen  that  -Uiq  stage  for  any  one  discharge  is 
higher  for  a  narrow  bed.    The  narrow  bed  definitely  increases  the  danger 
of  flooding.    The  carrying  capacity,  however,  does  not  sees  to  be  in- 
fluenced very  greatly  atid  the  currss  intersect,  thus  indicating  a  higher 
carrying  capacity  for  narrow  beds  at  low  stages  and  for  the  wide  bed  at 
high  stages,    "^ny  does  thiis  section  behave  nortaally  at  very  low  stages, 
but  quite  &bnorD.^ly  for  higher  stages?    The  explanation  is  found  in  ths 
roughness  of  the  banks  which  is  rather  high  compared  with  the  width  of 
the  bed.    The  higher  the  stags  the  laore  area  of  bank  surface  is  submerged. 
Being  relatiYaly  rour^ifir  than  the  bed,  the  banks  absorb  an  increasing  part 
of  the  total  energy  of  the  water  as  the  stage  increases.    The  discharge- 
depth  curves  ijidicate  a  definite  increase  of  dapth  for  any  one  discharge 
with  decreasing  width,  thus  increasing  the  p>ercentage  of  rough  bank 
surface  which  counteracts  the  effect  of  the  narrow  channel  so  far  as 
transportation  is  concerned.    Further  investigation ^  therefore,  will  bo 
concentrated  on  the  bank  friction  where  the  greatest  losses  appear  to 
occur. 

Influence  of  the  roughness  of  the  banks 

In  figure  15  relations  between  discharge  and  the  rate  of  trans- 
portation arsd  staga  are  shov/n  for  various  sections  which  differ  only  in 
the  roughness  of  the  banks.    The  values  for       of  0»063,  0,056,  and 
0,044  repres&nt  banks  of  different  tj^^ea  of  vegetative  cover  while 

»  OeOl34  represents  a  barili  of  the  saae  roughness  as  the  bed,  a  value 
that  a  rather  eiaooth  concrete  probably  would  have,    Sy  decreasing  n^ 
frcMoa  0»063  -to  0,Q4A,  the  transporting  capacity  is  increased  about  2,5 
times,  decreasing  the  stage  some  at  tiia  saiae  time.    An  iaprovenent  of 
the  bank  cover  represents,  therefore,  an  ideal  r&aedy  for  deposition  in 
the  bed,  while  liis  introduction  of  artificial  roughness  by  planting  of 
trees  or  shrubbery  will  decrease  tne  danger  of  scour  in  the  bed.  This 
rule  is  rather  general.    The  extent  of  the  influence,  however,  should 
be  checked  in  each  case  as  different  sections  will  raact  to  a  different 
degree . 

The  roughness  of  the  banks,  n,^,  is  a  very  important  factor  affect- 
ing the  capacity  of  a  streaza  to  transpcrt  bed  load,  in  fact,  much  more 
important  than  has  generally  bean  realized.    It  is  very  unfortunate  that 
80  little  inforraation  is  available  in  the  literature  as  to  values  to  use 
for  the  roughness  factor,  n,  when  applied  to  baiks  as  a  separate  part  of 
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the  wetted  perimeter.    These  -values  are  more  difficult  to  obtain  than 
those  for  overall  rouglmess  for  the  whole  cross  section  but  are  of  such 
significance  in  the  computation  of  bed-load  transportation  that  they 
must  be  obtained  in  some  manner.     The  determination  of  values  of  n 
for  different  conditions  of  vegetal  cover  that  can  be  applied  to  the 
part  of  the  wetted  perimeter  affected  is  a  research  study  worth  of 
serious  attention. 

Influence  of  the  steepness  of  the  banks 


The  question  as  to  whether  steep  or  flat  banks  are  the  most 
effective  in  influencing  the  movement  of  water  and  bed  load  is  answered 
in  figure  16  where  the  curves  of  depth  and  rate  of  transportation  for 
vertical  banks  are  compared  with  those  for  slopes  of  Itl  and  1j2#  It 
is  noticeable  that  the  change  in  bank  slope  from  1:2  to  1j1  will  double 
the  transporting  capacity  while  the  increase  from  1:1  to  vertical  is  not 
so  pronounced,      A  short  arialysis  shows  that  there  is  a  most  efficient 
slope  sore-where  between  vertical  ani  1:1  which,  however,  for  most  oases 
is  too  steep  to  be  stable.    As  a  rule  for  any  na-bural  section,  the 
steepest  bank  will  give  the  highest  carrying  capacity. 

Influence  of  the  general  slope 

As  the  expression  "general  slope"  may  indicate,  this  discussion 
of  the  application  of  -fche  results  deals  only  -with  uniform  flows.  In 
xiniform  flow  the  slope  of  "the  bed,  the  water  surface,  and  -fche  energy 
grade  line  are  identical.     It  is  possible  under  these  conditions  to 
determine  stable  conditions  or  the  stable  end-condition  tov/ard  which 
changes  in  the  bed  develop. 

From  this  point  of  view,  it  is  interesting  to  study  the  influence 
of  a  changed  slope  using  the  stable  slope  that  the  river  will  assume 
eventually  if  it  is  not  disturbed  otherwise  to  measure  any  tendency  to 
soour  or  deposit.     The  effect  on  the  depth  and  rate  of  transportation 
of  a  10  percent  increase  or  decrease  in  the  slope  is  shown  in  figure  17, 
This  figure  shows  that  the  total  20  percent  increase  will  about  double 
the  transporting  capaci-ty.     The  20  percent  difference  in  slope  represents 
a  change  of  0,0003  or  1,5  ft/mile  in  the  case  of  Mountain  Creek. 

It  is  now  possible  to  measure  the  effect  of  a  change  in  slope  on 
the  condition  of  the  banks.    The  procedure  is  to  determine  the  change 
in  slope  that  would  just  counteract  the  change  in  transportation  capacity 
due  to  the  change  in  the  bajik  condition.    For  example,  a  change  in  the 
steepness  of  the  banks  from  1:2  into  1:1  would  call  for  a  decrease  in 
the  slope  of  about  20  percent  or  1,5  ft/mile,  and  a  change  of  the  bank 
roughness  from  0,044  to  0,068  -would  call  for  an  increase  in  the  slope 
of  about  2,0  ft/mile. 
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Application  of  the  idealized  section  in  general 

The  analytical  method  of  treating  bed-load  problems  consists  of 
the  simultaneous  application  of  the  three  equations  or  principles, 
stated  at  the  beginning  of  "Application  of  the  Results"  and,  for  con- 
venience, repeated  here: 

(1)  The  equation  for  tlie  transportation  of  bed  load, 
giving  the  rate  of  bed-load  transportation  in 
terms  of  flow. 

(2)  The  equation  for  the  roughness  of  a  movable  bed, 
as  represented  by  the  n,  -  ^  curve,  giving  the 
friction  factor  along  the  bed  in  terms  of  the 
rate  of  transportation. 

(3)  The  equation  for  the  distribution  of  the  energy 
spent  by  the  flowing  water  between  the  different 
parts  of  the  wetted  perinieter,  if  ths  different 
parts  have  different  roughness. 

All  three  principles  must  be  applied  in  any  future  probloa. 
However,  it  has  not  yet  been  proved  tiiat  the  same  equations  can  always 
b8  used  or  that  they  can  always  be  applied  in  the  sane  manner.  For 
example,  it  is  conceivable  that  in  a  certain  stream  the  assuiaption  of 
a  horizontal  bed  will  entirely  change  its  character.    In  this  case, 
a  different  cross  section  must  be  used  as  representative. 

The  basic,  but  unproved,  assvunption  underlying  the  entire  pro- 
cedure is  that  the  transportation  of  bed  material  always  occurs  accordim^ 
to  a  fixed  law  or,  in  other  words,  that  the  river  is  always  carrying  bed 
sediment  to  capacity.    In  many  cases  this  assumption  is  true  and  only 
in  these  cases  is  the  method  applicable.    If  the  supply  of  sediment  in 
general  is  insufficient  or  even  if  only  some  particular  grain  sizes  of 
the  mixture  are  Issking,  the  effective  grain  diameter  may  change  and  th® 
problem  becomes  hopelessly  complicated  and  uncertain,  because  then 
transportation  depends  not  only  on  the  amounts  of  the  discharges  but 
also  on  their  sequences.    Unfortunately,  no  method  is  now  available  for 
verifying  the  applicability  of  the  transportation  formula  except  by 
checking  against  direct  measurement  of  the  transportation. 

If  the  rate  of  transportation  plotted  against  ata.%e  or  discharge 
(ell^nating  ar»y  short- time  fluctuations  by  averaging)  forms  a  smooth 
curve,  changes  in  a  river  can  be  predicted  by  the  above  method.    If  the 
measurements  deviate  systematically  from  the  curve,  these  deviations 
Btust  be  considered  and  in  most  cases  they  will  complicate  the  analytical 
method  considerably,    A  systematic  deviation  of  this  kind  took  place  in 
Mountain  Creek  directly  after  the  two  artificial  floods  which  were 
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created  by  opening  the  gates  of  the  pond  upstream.    This  deviation 
seems  to  have  been  caused  by  the  sudden  decrease  of  the  discharge  which 
was  eo  rapid  that  sufficient  tiae  was  not  available  for  the  bed  to  re- 
adjust its  configuration  to  the  conditions  of  the  lower  flow. 
Fortunately,  this  phase  is  not  important  in  this  creek,  as  it  does  not 
occur  after  natural  floods.    The  findings  from  experiments  now  in 
progress  (see  Appendix  I)  are  expected  to  be  of  considerable  assistance 
in  eliminating  some  of  these  uncertainties  affecting  the  solution  of 
bed-load  problems. 


CALCULATION  OF  THE  AVERAGE  ANNUAL  TRANSPORTATION 

In  the  preceding  sections  it  has  been  shown  that  for  a  sufficiently 
long  and  uniform  stretch  of  a  river  there  exists  a  relationship  between 
the  discharge  and  the  rate  of  bed-load  transportation  and  tnat  this 
relationship  can  be  determined  by  direct  measureoient  or  by  the  applica- 
tion of  certain  formulas.    This  rate  is  called  the  transporting  capacity 
of  the  strea.'i.    A  stresiu  Trill  roioain  stable  as  long  as  it  is  able  to 
adjust  the  incoming  load  to  its  capacity  by  scour  or  deposition  without 
excessivB  change  in  its  bed.    Therefore,  continuous  deviations  in  one 
direction  from  the  capacity  will  finally  result  in  a  change  of  the  pro- 
file while  alternating  deviations  of  much  greater  extent  may  leave  the 
sections  generally  stable.    This  latter  case  is  found  rather  frequently 
when  the  adjoining  stretch  upstream  has  a  lower  capacity  for  high  stages 
but  a  higher  one  for  low  stages  or  vice  versa.    To  compare  the  average 
capacities  of  these  tT?o  sections  it  is  necessary  to  introduce  in  one  way 
or  anoti^r  the  frequency  with  which  the  different  discharges  occur. 
This  frequency  can  be  given  as  a  hydro graph  from  which  a  curve  for  the 
rates  of  transportation  over  tima  is  derived,  then  by  integration  of  the 
difference  of  the  rates  for  the  two  sections  the  comparison  is  obtained. 
This  procedure  is  very  time  consuming  and  usually  fails  because  of  the 
lack  of  a  satisfactory  hydrograph. 

Instead,  the  duration  curve  of  the  discharge  for  an  average  year 
can  be  used.    The  duration  curve  as  used  in  the  planning  of  hydro- 
electric power  plants  represents  an  ideal  tool  lor  studying  the 
integrated  effect  of  certain  variables  that  are  functions  of  the  discharge 
but  independent  of  the  sequence  of  the  discharges.    The  rate  of  trans- 
portation is  one  of  them.    There  are  two  main  reasons  for  the  use  of  the 
duration  curve: 

w       ^J"^^  duration  curve  is  very  regular  and,  for  that  reason,  can 

be  sufficiently  described  by  from  6  to  10  points.    The  integration  of 
the  duration  curve  of  the  transportation  can  be  executed  in  from  10  to  20 
intervals  for  the  aainB  reason,  while  the  hydrograch  of  a  single  year  can 
on^  be  described  satisfactorily  by  hundreds  of  points. 
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(2)    The  duration  ourvea  for  different  streams  or  different 
sections  of  the  same  stream  are  extremely  similar,  allowing  the  pre- 
diction of  this  curve  with  reasonable  aocuraoy  even  without  any  local 
measurements,  as  will  "be  shown  subsequently. 


Construction  of  flow-duration  curve 


On  streams  where  a  record  of  discharge  is  not  available  for 
the  construction  of  a  flovr-duration  cunre,  estinates  must  be  based 
on  the  curves  from  adjacent  streams.    In  order  to  determine  whether 
the  flow-duration  curves  are  similar  for  streams  in  a  particular  region 
where  climate  and  topography  are  rather  uniform,  a  study  was  made  of 
«treaias  in  the  North  Carolina  Piedmont,    This  region  Tvas  selected  for 
study  because  discharge  records  of  10  years  or  more  were  available  in 
U.  S.  Geological  Survey  Vfater-Supply  Papers  and  other  publications  for 
a  large  number  of  small  streams  whose  drainage  areas  are  in  the  range 
of  the  size  of  the  stresuns  on  which  the  application  of  the  law  of  bed- 
load  transportation  is  permissible.    The  disciiarge  records  for  all 
streams  were  expressed  in  mean  daily  flows. 

A  flow-duration  curve  is  computed  in  several  steps.    First,  for 
the  entire  period  of  record  a  tally  is  made  of  the  number  of  occurrences 
of  discharge  within  certain  limits.    The  percent  of  time  that  the  dis- 
charge prevails  in  each  class  limit  is  next  coir^uted  and  the  cumulative 
percentage  then  obtained.    This  procedure  is  illustrated  in  the  accompany- 
ing table  4  for  Little  Sugar  Green  near  Charlotte,  N.  C.  (13). 

Column  1  of  the  table  shows  the  limits  for  grouping  the  values 
of  discharge.    Column  2  shows  the  number  of  days  that  the  discharge 
was  within  the  particular  group.    Thus,  of  the  5,477  days  of  record 
(1925  -  1939,  inclusive),  on  3  days  the  average  daily  discharge  was 
between  0  and  1,9  cubic  feet  per  second;  on  94  days  the  discharge  was 
between  2,0  and  3,9  c.f.s,;  on  483  days  the  discharge  was  between 
4,0  and  6,9  ate.    Column  3  shows  the  percent  of  time  that  the  discharge 
prevailed  in  the  various  groups.    Column  4  shows  the  accumulated  values 
of  the  data  in  colvum  3,    The  significance  of  column  4,  for  example,  is 
that  only  0.06  percent  of  the  time  is  the  discharge  2  c.f.s,  or  less, 
and  99*,94  percent  of  the  time  the  discharge  is  2000  c.f.s,  or  less. 

In  connection  with  the  computations  for  duration  curves,  it  is 
of  interest  to  note  that  for  the  East  and  West  Forks  of  Deep  River,  and 
Muddy  Creek,  near  High  Point,  N.  C,,  curves  were  also  computed  directly 
from  stage  recorder  charts  as  well  as  from  the  records  of  mean  daily 
discharges.    This  procedure  of  determining  the  percentage  of  time  thai, 
a  parliioular  discharge  is  equaled  or  exceeded  gives  the  correct  curve 
because  instantaneous  discharges  are  used  instead  of  daily  averages, 
A  comparison  of  the  curves  as  calculated  by  the  above  methods  showed 


\/   This  section  was  worked  out  emd  written  by  Joe  W,  Johnson,  formerly 
Hydraulic  Engineer,  Soil  Conservation  Service, 
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Table  4. — Data  for  duration  curve  for  Little  Sugar  Creek 
near  Charlotte,  N.  C* 


Discharge 

:    Number  in 
:    the  class 

:  Proportion 
:    of  time 

:  Accumulative : 
:    proportion  ; 

Q/Qm 

C.f .3. 

Percent 

Percent 

0    -  1.9 

3 

,06 

2    -  3.9 

94 

1.72 

,06 

0.0437 

L    -  6.9 

483 

8,82 

1.77 

.0873 

7    -  9.9 

625 

11.41 

10-59 

-1528 

10  -  19 

1.705 

31.13 

22,00 

.2183 

20-39 

25  P9 

53  13 

40-69 

537 

9.81 

79  02 

873 

70-99 

179 

3.27 

88,83 

1.528 

100-199 

236 

4.31 

92.10 

2.183 

200-399 

111 

2.03 

96.41 

4.366 

400-699 

46 

.84 

98.44 

8.73 

700-999 

20 

.3-/ 

99.28 

15.28 

1000-1999 

16 

.29 

99,65 

21.83 

2000-3999 

4 

5,477 

,07 

99.94 

43.66 

Drainage  area  41.4  sq.  miles. 
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that  the  curve  based  on  instantaneous  discharges  was  practically  co- 
incident -vrith  the  curve  based  on  mean  flows  for  lower  rates  of  flow; 
it  was  only  slightly  below  the  mean  curve  for  discharges  in  the  vicinity 
of  the  average  discharge,  and  was  above  the  mean  curve  for  the  very 
highes't  discharges.    This  relative  location  of  the  two  curves  is  to 
be  expected  because  during  low  flows  the  instantaneous  and  the  mean 
daily  discharges  are  practically  the  same  and  the  duration  cuirves 
naturally  will  coincide.    For  the  higher  rates  of  discharge  the 
highest  values  are  obtained  when  instantaneous  discharges  are  con- 
sidered; hence,  the  curve  based  on  instantaneous  discharges  will  lie 
above  the  curve  based  on  mean  daily  flows,    A  plot  of  the  two  curves 
on  probability  paper  shows  that,  for  all  practical  purposes,  the 
curves  coincide.    Thus,  because  of  the  ease  with  which  curves  may 
be  calculated  froca  tabulations  of  mean  daily  discharges,  the  curves 
shown  in  figure  18  were  computed  by  that  method. 

In  order  to  compare  the  duration  curves  from  several  streams 
it  has  been  found  convenient  to  express  the  discharge  as  a  ratio  to 
the  meaoi  rather  than  as  direct  discharge.    This  procedure  permits  the 
curves  to  be  compared  directly  by  eliminating  the  size  of  the  drain- 
age area.    Thus,  for  Little  Sugar  Creek  the  moan  discharge  for  the 
period,  1925  -  1939,  is  45,3  cubic  feet  per  second,     Tne  ratio  of  the 
discharge  at  the  lower  limit  of  each  discharge  group  to  this  mean  dis- 
charge is  given  in  column  5  of  the  accompanying  table;  that  is,  for 
example,  2/45.8  =  0,0437,  4/45,8  «  0,0873,  etc, 

A  plot  of  the  Little  Sugar  Creek  data  in  columns  4  and  5  is 
shown  in  figure  18  along  with  the  curves  for  several  other  Piedmont 
streams  of  varying  sized  drainage  basins.    Examination  of  these  curves 
shows  a  remarkably  close  agreement  for  the  upper  40  percent  of  the 
tiros;  that  is,  for  the  higher  rates  of  discharge  the  various  curves 
are  almost  identical.    For  that  part  of  the  curves  that  represent 
the  lower  rates  of  flow,  however,  the  curves  radically  depart  from 
each  other,    Tais  is  to  be  expected  because  for  low  rates  of  flow, 
the  drainage  basin  characteristics,  such  as  soil  types,  vegetal 
cover,  tillage  methods,  and  stage  of  soil  erosion,  greatly  influence 
the  runoff,  but  during  tiroes  when  high  precipitation  rates  cause  high 
rxmoff  rates  the  drainage  basin  characteristics  affect  the  xninoff 
very  little. 

Of  interest  in  this  respect  is  the  comparison  between  the 
cxirves  for  the  Uharie  River  and  Muddy  Creek  with  the  curves  for  the 
East  and  West  Forks  of  Deep  River,     The  Dharie  River  and  iluddy  Creek 
watersheds  lie  in  the  slate  belt  of  Nortii  Carolina  where  the  depth 
of  soil  above  bed  rook  is  usually  only  from  0  to  3  feet;  consequently, 
there  is  little  space  for  ground  isater  storage  and  runoff  is  rapid 
and  fladhy,    V'ith  veiy  little  ground  v/ater  storage  available,  the 
low-water  flows  are  relatively  small;  hence  the  duration  curves  for 
these  two  streams  plot  relatively  lower  than  the  other  streams  shown 
in  figure  18,    On  the  other  hand,  the  drainage  basins  of  East  and 
West  Forks  of  Deep  River  lie  in  the  granitic  schist  region  of  the 
Piedmont  where  woathering  is  relatively  deep  and  a  considerable 
depth  of  soil  is  available  for  ground -water  storage.    Thus,  the  low 
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vrs.ter  flows  in  thesa  straeim?  are  relatively  high  and  the  portion  of 
the  duration  curves  representing  these  flows  lie  higher  than  any  of 
the  other  ou.rves. 

As  vrill  be  shorvn  below,  it  is  fortunate  that  the  duration 
curves  for  streams  in  the  same  region  are  identical  for  the  higher 
rates  of  flow  because  it  is  during  these  flows  that  the  greatest 
percentage  of  the  bed  load  is  transported. 

The  fact  that  the  upper  portion  of  the  f lo-w-duration  curares 
are  identical  for  streams  in  a  particular  region  is  very  important 
v;hen  it  is  desivod  to  estiinate  the  load  of  streams  that  have  no  dis- 
charge records  available. 

Thus,  for  a  stream  in  the  North  Carolina  Piedmont  region  an 
average  cur7e  may  be  obtained  and  used  in  most  calculations  on  bed- 
load  transportation.    This  average  curve  (see  figure  20)  may  no"c  give 
an  accurate  estimate  for  low-water  fla.vs  but  little  materia.',  is  trans- 
ported at  such  tLTies  and  the  errors  in  us^ng  the  average  cxxrva  will 
be  small.    To  apply  the  average  flow-duration  cui*ve  to  a  particular 
streax^  a  value  for  the  moan  discharge  must  be  asau^iied  or  osciisated 
in  order  thiat  the  ordinates  of  the  curve  can  be  convertod  to  actual 
discharge. 

Previous  hydrologio  studies  have  shomi  that  the  mean  annual 
discharge  is,  in  general,  related  to  the  annual  precipitation  (11). 
Tliat  this  relationship  is  not  constant  for  individual  years  is  avident 
from  figure  19  -which  shows  mean  annual  runoff  in  c.f.s.  per  sq*,  mile 
plotted  against  emnual  precipitation  in  inches  for  various  streams 
in  the  Piedmont  region  of  North  Carolina  as  well  as  for  streams  in 
Iowa,  Yi'isconsin,  Vfeshington,  and  the  mountains  of  North  Carolina. 
A  close  examination  of  this  figure,  however,  reveals  a  reasonable 
explanation  for  the  scattering  of  the  individual  points  and  with 
proper  consideration  and  caution  a  usable  relationship  e?n  be  deter- 
mined. 

If  100  peroent  runoff  occurred,  the  single  straight  lina 
shown  in  the  aoccmpanying  figtire  would  describe  the  relation  oe-'crrricn 
rainfall  and  riinoff .    Because,  hov/-ever,  a  certain  amount  of  rar'jofall 
is  lost  by  evaporation  and  transpiration,  the  plotted  points  fall 
somewhat  to  the  right  of  this  100  percent  curve.    Previous  izrsrssti- 
gations  (12)  have  shown  that  curves,  depending  on  whether  "cha  streams 
are  in  jsr-untainous  regions  or  in  valleys,  can  be  dra-./n  throiigh  -bh:; 
plotted  points.    The  main  effect  of  the  location  of  a  stream  appears 
to  be  in  the  irfiuonoe  of  length  of  growing  joason  on  Sv-aporation 
and  transpiration  losses.    Thus,  as  a  guide  in  the  construction  of 
curves  through  the  data  plotted  in  figure  19  a  plot  was  mada  of  the 
annual  water  loss  (represented  by  the  horizontal  distance  from  the 
100  percent  curve  to  the  plotted  point)'  against  the  average  length 
of  growing  seasons  for  the  county  in  which  the  watershed  of  the 
stream  is  located.    Data  on  the  length  of  growing  season  vas  obtained 
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from  the  1941  Yearbook  of  Agriculture  in  which  a  climatic  suacnary 
for  each  county  and  state  in  the  United  States  is  given  (9).  A 
straight  line  vra-s  then  draim  through  these  plotted  points.    If  it 
is  now  assumed  that  a  certain  base  rainfall  i3  required  to  supply 
evaporation  and  trcoaspiration  losses  and  that  practically  all  pre- 
cipitation greater  than  this  base  amount  appears  as  runoff,  curves 
can  now  be  drawn  in  on  the  graph  of  rainfall  vs.  runoff  (fig.  19 
Thus,  from  the  plot  of  water  loss  vs.  length  of  growing  season,  a 
loss  of  20  inches  appeared  to  occur  for  a  growing  season  of  100  days, 
and  for  a  growing  season  of  200  days  the  loss  was  approxijmtely  30 
inches.    By  drawing  lines  through  the  base  amounts  of  20  and  30 
inches  of  rainfall  parallel  to  the  100  percent  runoff  line,  the 
curves  shown  in  f ignore  19  were  determined.    The  line  for  a  growing 
season  of  100  days  passes  through  the  approximate  center  of  the 
data  for  mountainous  regions  and  regions  in  the  northern  latitudes 
of  the  United  States.    Furthermore,  the  curve  for  a  growing  season 
of  200  days  passes  through  the  data  for  streams  in  the  Piedmont 
region  and  streams  in  lovra.    As  a  first  approxination  these  curves 
were  assumed  to  be  straight  lines,  however,  further  study  may  show- 
that  they  are  cui*ved  lines. 

The  use  of  figure  18  is  illusti*ated  as  follows  j    Assusie  that 
&n  estimate  is  desired  of  the  annual  volume  of  bed-load  trsmsported 
in  a  particular  stream  in  the  Piedmont  region  of  North  Carolina. 
If  no  discharge  data  are  available  on  this  stream,  the  average  flow- 
duration  curve  from  figure  20  is  used.    To  convert  the  ordinates  of 
this  curve  to  actual  discharge,  the  data  shown  in  figure  19  are  used. 
Prom  the  maps  of  average  annual  rainfall  showa  in  the  1941  Yearbook 
of  Agriculture  (9),  the  annual  rainfall  for  the  watershed  of  the 
stream  is  determined.    From  the  same  source,  the  average  length  of 
growing  season  is  also  determined.    Entering  the  scale  of  abscissa 
with  the  annual  rainfall  and  proceeding  upwards  until  the  curve  rep- 
resenting the  average  length  of  growing  season  is  reached  the  mean 
annual  runoff  in  cubic  feet  per  second  per  square  mile  is  determined. 
This  value  of  mean  discharge  when  multiplied  by  the  area  of  the  drain- 
age basin  in  square  miles  gives  the  estLnated  mean  discharge.  This 
value  may  now  be  multiplied  by  each  ordinate  of  the  average  duration 
curve  to  obtain  the  estimated  flow  duration  curve  for  the  stream  under 
study. 

As  a  matter  of  interest,  flow-duration  cuirves  were  computed 
for  streams  in  other  localities  throughout  the  country.    These  curves 
are  shown  in  figure  20  along  with  the  average  curve  for  the  Piedmont 
streams.    These  various  curves  stress  the  importance  of  using  data 
from  streejas  in  or  as  near  as  possible  to  the  same  locality  as  the 
streams  under  study.    Snow  conditions _  undergi'ound  losses,  etc.,  may 
cause  the  duration  curves  to  vary  ccnsiderably  for  streams  in  variovis 
sections  of  the  country. 
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It  is,  of  course,  ackaowledged    that  the  relations  between 
rainfall  and  runoff  as  expressed  by  figure  19  are  merely  generaliza- 
tions "Which  bring  out  class  likeness  and  obscure  the  individual  char- 
acteristics of  runoff  from  differences  in  the  character  and  distribu- 
tion of  rainfall,  and  the  effect  of  temperature,  -vegetal  cover,  topo- 
graphy, soil  and  subsoil  on  the  disposal  of  rainfall.    Although  the 
method  of  arriving  at  an  estimated  flow-duration  curnre  for  a  particular 
stream  upon  -which  all  directly  observed  hydrologic  data  are  missing, 
may  not  be  fully  compatible  -with  more  recent  hydrologic  research,  it 
appears  to  be  the  most  simple  and  direct  approach  in  obtaining  the 
necessary  information  to  be  used  in  estimating  volumes  of  bedload 
t  rans  p  0  r -ta  t  i  on  • 

Application  of  -the  duration  curve  to  Mountain  Creek 

The  determination  of  the  average  duration  curve  for  I^oimtain 
Creek  by  direct  measurement  -was  out  of  question  because  the  record 
included  only  a  fe-w  months  of  an  especially  dry  year.     Ihs  general 
-type  of  the  '^mtershed  is  the  same  as  for  the  North  Carolina  streams 
in  figure  18  makirs,?  a  direct  use  of  thin  cv.no  pc33icl3»  A:ioording 
to  the  procedure  outlined  previously,  the  a-s^rage  annual  precipita- 
tion -was  found  -to  be  52  inches  for  the  •watershed  and  the  mean  dura- 
tion of  the  gro-wlng  season  228  days  (  9  ,  pp.  1105,  1107 )»    With  these 
-two  figures  the  mean  annual  runoff,  1,4  cfs/sq.mi.,  is  obtainod  from 
figure  19,    The  to-tal  mean  runoff,  therefore,  is 

Qjjj^    =    11.75  X  1.4    =    16.45  ofs 

Using  the  relation  between  discharge  and  trar-sportation  as  given  in. 
-table  2,  duration  data  are  obtained,  as  sho-sm  in  table  5. 


Table  5. — Data  for  duration  curve  of  flaw  and  * 
transportation  in  Mountain  Creek 


Bed-load  Trans -i 

t  t 

i 

per tat ion  par  : 
hour  (Qg)  : 
: 

Wat&r 
depth 

(^) 

t    Discharge  t 
:  : 

 1^1 

t  Prcpoi*ticn 
t  of 
J  Time 

Lbs  •  vmder  -water 

Ft. 

C.f .8. 

percent 

10 

0.18 

3.06 

0.166 

20,0 

30 

0.24 

4.51 

0.274 

32.0 

100 

0.33 

7.20 

0.438 

52.0 

300 

0.47 

11,7 

0.711 

71.0 

1000 

0.79 

22.5 

1.37 

86,0 

3000 

1.43 

47.4 

2.88 

93,8 

5200 

2.00 

75,0 

4,56 

96  e2 
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The  duration  curve  of  the  transportation  and  of  the  T^ater  depth 
is  plotted  in  figure  21,    If  the  banks  are  assumed  to  be  2.0  ft,  high 
(above  the  bed)  this  curve  is  only  applicable  up  to  this  level.  At 
greater  depths  the  -water  spreads  out  over  the  flood  plain  >vhere  it 
becomes  ineffective  for  transporting  bed  load.    To  describe  this  con- 
dition the  curves  would  have  to  show  a  break  at  the  point  v/here 
d    ■    2»0  ft.,  making  the  increase  above  Ohio  point  in  both  Q3  and  d 
with  respect  to  Q  much  slower.    This  increase  has  been  fully  neglected, 
resulting  in  a  rather  low  estimate  for  the  total,  which  is  calculated 
in  table  6  using  the  Simpson  formula  for  integration. 


Table  6*— Calculation  of  the  average  annual  transportation 
of  bed  load  by  Mountain  Creek 


Proportion  t  t 


of  time 

« 

}  Interval 
i 

• 

I  Left 
:  Qsl 

Center 
^s2 

Right 
^s3 

t  ■'^^^sl^s2*^  's3 
»        6  X  100 

Percent 

Percent 

Ibs/hr 

Ibs/hr 

IbsA^* 

Ibs/hr 

100-96 

4 

5200 

5200 

5200 

208. 

96-92 

4 

5200 

3200 

2200 

134,7 

92-88 

4 

2200 

1630 

1280 

66,7 

88-84  _ 

4 

1280 

1030 

840 

41.6 

84-80 

4 

840 

705 

595 

28.37 

80-70 

10 

595 

410 

290 

42.08 

70-60 

10 

290 

212 

159 

21.62 

60-50 

10 

159 

120 

91 

12.17 

50-40 

10 

91 

68 

51 

6,90 

40-30 

10 

51 

37 

26 

3.75 
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17 
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20 
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Figure  21  -  Duroticn  curves  of  transportation  and  water  depth  for  Mountain  Creek. 
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As  the  intervals  are  measured  in  peroent_j_  the  sum  of  the  integrals 
will  represent  the  mean  transportation,  Q^,  for  an  average  year, 
•which  is 

■5     =     568  IbsAir.  under  mter 

^8 

and  the  average  annual  ti^nsportation,  Ag,  is 

A      =      568  .  24  .  565      ,    2,490  tons  At,  under  water 
®  2000  jjj.  3^980  tons/yr.  dry 

or  71,000  ou.ft./yr 

by  using  a  conversion  factor  of  70  lbs.  under  vrnter  for  the  cubic 
foot.    This  figure  of  71,000  cu.ft.  characterizes  the  cross  section 
even  better  than  the  ouirve  in  figure  15  because  it  takes  into  aocoixat 
the  frequency  with  which  the  different  rates  take  place.    On  this 
basis  it  is  again  possible  to  coiapare  different  sections,    A  first 
coinparieon  may  be  drawn  betv:een  two  sections  that  differ  only  in  the 
height  of  the  banks,    A  fully  einalogous  determination  for  2,5  foot 
banks  wil^  give  (see  figure  22). 

"^g    =    651  Ibs/hr,  vender  T/ater 
and  the  annnal  total  transportation,  Ag,  is 

Ag    =    81,400  cu,ft./yr,,  representing  a  15% 
increase  over  2,0  ft,  banks. 

This  difference  will  become  effective  only  during  the  high  stages 
and  therefore  is  significant  only  for  long  time  averages.  Calculating 
the  transport  for  some  other  bank  heights,  figure  22  can  be  plotted, 
which  gives  the  average  annual  transportation  in  teniis  of  the  height 
of  the  banks.     It  shov;-s  distinctly  that  an  increase  of  transportation 
of  about  10,000  cu.ft,  per  year,  or  15%,  can  easily  be  achieved  by 
dikes  along  the  stream  6  inches  high,  a  measure  that  will  definitely 
pay  for  itself  under  certain  conditions.     The  dashed  curve  shows  the 
average  annual  duration  of  flooding  as  taken  from  the  duration  cui^e 
of  the  v/ater  depth,    A  deep  channel  will  provide  for  both  high  trans- 
portation and  short  flooding  as  would  be  expected. 

The  twin  diagrams  of  figures  14  -  17  shovr  the  influence  of 
bed  width,  bed  roughness,  barJc  steepness,  and  bed  slope  on  the  ability 
to  transport  ajid  on  the  tendency  to  flood.    They  are  rather  difficult 
to  discuss  without  taking  the  frequency  of  the  different  discharges 
into  accotmt.    By  applying  the  duration  cui^e  they  can  be  transformed 
into  curves  similar  to  those  in  figure  22  which  give  the  total  annual 
transportation  and  the  average  number  of  hours  of  overbar*k  flow  in 
terms  of  the  same  variables* 
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Figure  22-Averoge  onnual  transport  of  sand  in  Mountain  Creek  for  various  bank  heights. 
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Figure  23  shows  that  increased  bed  width  will  lessen  the 
danger  of  flooding  by  mere  increase  of  the  cross-sectional  area* 
It  has  been  shown  in  figure  14  that  the  same  discharge  v/ill  trans- 
port about  even  emounts  of  sand  in  the  vride  and  in  the  rxarrow  channel. 
The  total  annual  transport,  however,  increases  distinctly  vrith  the 
width  of  the  channel  because  higher  floods  will  remain  vj-ithin  the 
bernks.    It  may  be  cisntioned  hare,  that  the  contrai^y  has  been  found 
in  sections  whore  overbank  flow  was  unimportsint  and  v/here  the  banks 
are  smooth  compared  with  the  bed.    The  tremendous  increase  of  trans- 
portation with  decreasing  roughness  of  the  banks  is  shown  much  better 
in  figure  24  than  in  figure  15  where  the  logarithmic  scale  tends  to 
obscure  this  effect.    The  effect  on  flooding  is  not  very  pronounced. 

Figure  25  gives  the  influence  of  the  steepness  of  the  banks. 
Again,  as  shown  in  figure  16,  there  is  very  little  gain  in  having 
the  banks  steeper  than  45°.    However,  flatter  angles  result  in  a 
rapid  decrease  of  the  sediment  capacity.     It  is  interesting,  hov;ever, 
that  in  this  latter  case  the  capacity  to  hold  water  is  increased. 

Figure  26  again  shows  the  rapid  increase  in  capacity  for  water 
smd  sediment  with  increasing  slope. 

In  general  it  may  be  emphasized  that  this  method  of  describ- 
ing the  capacity  of  a  stream  by  the  mean  annual  transportation  is 
much  easier  to  understand  and  in  many  ways  is  more  significant. 
However,  as  both  river  cross  sections  and  the  duration  curve  de- 
termine these  curves,  they  very  specifically  describe  a  particular 
section.    Any  conclusions  drawn  from  these  curves  are  true  only  for 
this  one  stretch  and  may  be  much  different  or  even  reversed  in  another 
stretch. 

For  the  practical  application  of  the  average  annual  transport, 
it  Is  very  important  to. keep  in  mind  that  this  rate  has  two  distinct 
meanings:    First,  it  is  the  axiount  of  sediment  that  a  certain  stretch 
of  the  stream  is  able  to  transport  under  the  prevailing  flow  conditions 
without  changes  in  the  bed.    Second,  if  there  is  ajiy  proof  or  reason 
to  assume  that  no  such  changes  of  any  consequence  have  occurred  during 
recent  years,  it  can  be  concluded  that  just  this  amount  of  sediment 
came  down  into  this  stretch  from  the  watershed  upstream.     The  difference 
between  these  two  conceptions  is  easy  to  see  when  it  is  boime  in  mind 
that  the  capacity  of  the  stretch  can  be  changed  by  changing  the  local 
roughness  conditions,  etc.,  but  this  change  could  not  possibly  affect 
the  rate  of  sedi-^ent  produced  by  the  Tratershed,    This  latter  can  be 
affected  only  by  influences  on  the  v/atershed  above  the  stretch. 

Another  principle  that  can  be  used  to  good  advantage  in  prac- 
tical problems  is  that  of  continuity,    I-.i  ocr.paring  the  average  annual 
transportation  in  two  stretches  of  the  same  stream,  the  deposition  in 
the  bed  between  tiie  two  stretches  is  the  capacity  of  the  upper  stretch 
plus  the  capacities  of  tributaries  joining  the  stream  betv.-een  the  two 
stretches  minus  capacity  of  the  lower  stretch,    A  negative  deposition 
would  moan  scour. 
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Rgure  23- Average  annual  transport  of  sand  in  Mountain  Creek  for  various  bed  widths. 
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Figure  24-  Average  annual  tronsport  of  send  in  Mountain  Creek  for  vorious  rough- 
nesses of  ttie  banks. 
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Figure  25  -Average  annual  transport  of  sand  in  Mountain  Creek  for  various  steepnesses  of  the  banks. 
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Figure  26-  Average  annual  transport  of  sand  in  Mountain  Creek  for  various  slopes  Se- 
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In  addition  to  those  general  principles  for  the  application 
of  sediment  transport,  it  is  well  to  keep  in  mind  that  eren,--  river 
is  different  from  all  other  rivers.    Satisfactory  results  froir.  in- 
vestigations of  this  kind  depend  mainly  on  the  proper  choice  of  the 
stretches  used  originally  to  describe  the  sediinent  output  cf  the 
Yra.tershed  in  its  present  state  and  on  the  clever  use  of  other  "evidence' 
indicating  the  present  trend  of  ciiange  in  a  stretch. 

Application  to  practical  problems 

It  has  been  shovm  that  it  is  possible  to  predict  the  rate  of 
bed-load  transportation  and  water  depth  on  a  movable  bod  based  only 
on  certain  measured  hydraulic  constants  and  on  the  analyses  of  the 
bed  sediment.    Tiio  principles  involved  can  be  applied  in  the  solution 
of  numerous  practical  soil  conservation  end  flood  control  problems 
that  heretofore  have  not  been  solvable. 

An  important  problem,  encountered  usually  in  recor-naiBanoo  vrork, 
involves  the  detenrdnation  of  the  annual  load  in  different  tributaries 
of  a  strcoia  ayntom  in  order  to  locate  the  most  important  sources  of 
sediment,    Tlio  prooodure  is  to  select  representative  reaches  in  the 
various  tributaries  with  as  uniform  cross  sections  as  possible  and 
v^-here  nuru^i  flow  for  most  discharges  can  be  assumed.    For  each  reach 
the  curve  for  rate  of  transportation  against  discharge  must  be  de- 
veloped by  using  an  "idealized  section".     The  total  annual  transpoi-ta- 
tion  can  then  be  estimated  from  a  combination  of  this  curve  and  a 
duration  cur\-e  of  the  discharges.    If  a  duration  curve  is  not  av8.il- 
able  for  the  stream  under  investigation,  a  curve  based  on  other  streama 
in  the  region  and  corrected  for  size  of  watershed  may  be  used, 

A  -second  problem  of  interest  arises  when  the  supply  of  sediment 
is  changed  at  tne  source.    THiere  the  clearing  of  land  or  the  applica- 
tion of  conservation  measures  will  increase  or  decrease  the  load  in  a 
certain  stream  by  a  knovm  amount,  it  may  be  necessary  to  determine  the 
effect  on  the  ability  of  the  stream  to  drain  the  land.    The  questions 
are:    Will  the  stream  scour  or  fill  and  how  much?    Can  excessive  change 
of  the  stream  bed  be  prevented  and  hov;?    These  questions  are  extremely 
important  because  of  their  effect  on  the  bottom  lands  along  the  stream 
and  are  especially  difficult  to  ansv:er  if  both  the  load  and  tho  runoff 
change.    These  irJ'luences,  however,  caji  be  separated  and  compared  by 
means  of  a  short  study  with  an  "idealized  section", 

A  third  problem  exists  in  all  rivers  where  a  change  of  the  load 
or  the  runoff  or  both  1-^ve  taken  place  in  the  past  and  the  river  is  in 
the  process  of  read ju3x;in,g  its  profile  and  sections  to  the  ciianged  con- 
ditions.   In  this  case,  it  is  important  to  determine  the  final  equili- 
briiJm  and  to  i-npro-ra  conditions  in  the  meant Lmc,     This  problem  involves 
the  determination  of  the  load  in  some  part  of  the  river  where  at  least 
temporal/  equilibrium  has  been  achieved  and  tlie  routing  of  this  load 
through  other  parts  of  the  system. 
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^  A  fourth  problem  is  introduced  when  for  any  reason  the  old 

channel  of  a  stream  is  to  be  replaced  by  a  cutoff  cliari-iel.    As  only 
one  particular  cross  section  will  be  stable,  careful  study  of  all 
conditions  and  all  consequences  cor-nected  v.-ith  this  nev,'  stream  will 
be  necessary  to  prevent  undesirable  developments  after  the  r3.ther 
expensive  works  are  in  operation. 

These  are  only  a  fevr  of  the  many  problems  that  are  continually 
developing  in  soil  conservation  and  flood  control  work.  Sor.eti::es 
the  problems  are  combined  with  a  whole  series  of  problems,  influenc- 
ing one  another  emd  thus  making  the  simultaneous  consideration  of  a 
whole  river  system  necessary/.     Even  then,  most  of  them  can  be  solved 
quantitatively  only  by  frequent  applications  of  a  set  of  equations 
similar  to  that  used  to  describe  the  flov^  in  the  "idealized  section." 

During  the  studies  on  Mountain  Creek  a  phenomenon  vra.s  observed 
that  is  not  peculiar  to  this  stream  but  may  be  found  in  many  natural 
streams  with  a  movable  sand  bed.    At  low  vrater  certain  parts  of  the 
surface  of  the  bed  seemed  to  be  composed  entirely  of  large  particles 
while  on  other  parts  no  large  particles  were  in  evidence  and  the  sur- 
face seemed  to  be  made  up  of  a  well-graded  combination  of  the  smaller 
sizes.     Naturally,  there  was  the  suggestion  that  these  large  particles 
might  form  a  "protective  layer"  that  would  prevent  local  erosion  and 
thereby  decrease  the  rate  of  transportation,    V.'ith  this  condition  in 
mind  the  data  were  studied  carefully  but  no  discernible  effects  could 
be  found.    Special  studies  are  now  in  progress  at  the  Encree  River 
Laboratory,  Greenville,  S.  C,  to  detennine,  if  possible,  if  there  are 
any  conditions  under  which  bed  sediment  composed  of  material  from 
Mountain  Creek  will  not  be  transported  to  capacity. 

This  study  has  opened  a  number  of  bod-load  problems  to  analytical 
treatment  but  does  not  pretend  to  have  completely  solved  the  problem  of 
bed-load  transportation,     /ji  ar^lytical  method  for  the  treatment  of 
bed-load  problems  in  general  has  been  proposed  and  the  necessai*^''  equa- 
tions given  together  with  certain  rules  about  the  description  of  sedi- 
ment mixtures  by  representative  grain  diameters.     The  measurements  in 
Mountain  Creek  have  proved  the  applicability  of  this  method  to  this 
stream  and  thereb.-  to  all  other  streams  with  values  of    ^  <  1  i/  and 


y  According  to  the  author's  experience,  the  range  of  effective  <^  - 
values  in  natural  streams  depends  mostly  on  the  grain  size  of  the 
bed  material  and  on  the  stage.     Counting  all       -  values  up  to  10 
covered  by  the  measurements   (see  appendix  II ),  in  all  streams  vri. th 
sediment  of  1  mm.  or  coarser  representative  grain  size  the  bed-load 
movement  car.  be  calculat^od,  excluding  Lho  part  of  the  bed  material 
moving  ir  suspension.     For  sediments  with  a  representative  diamieter 
down  to  1/2  mm,  bed-load  movement  at  low  and  intermediate  stage  will 
be  covered,  excluding  suspension.    For  still  finer  sediment  the  move- 
ment as  bed  load  seems  insignificant  co;iipared  witli  suspended  load 
for  cases  There  the  total  load  is  comparatively  small. 
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sediment  mixtures  -with  the  same  or  smaller  spread  of  grain  sizes.  The 
spread  of  grain  sizes  is  given  by  the  slope  of  the  oumulati-^ci  distrib-.^- 
tion  curve  as  shown  in  figure  9  for  Mountain  Creek,    The  logarithmic- 
probability  plot  is  especially  appropriate  because  in  this  type  of 
chart  most  river  sediments  plot  almost  as  straight  lines,  very  clearly 
defining  this  slope. 

There  is  no  evidence  indicating  that  the  applicability  of  the 
method  is  confined  to  the  limits  derived  from  the  measurements  in 
Mountain  Creek  but  it  has  not  been  verified  beyond  them.    The  exten- 
sion of  the  limits  of  applicability  can  be  achieved  only  by  systematio 
continuation  of  similar  measurements  in  streams  frith  different  flo^r 
and  sediment  characteristics  combined  with  the  necessary  flucie  studies. 
However,  the  range  covered  by  the  measurements  in  Mountain  Creek  in- 
cludes a  great  number  of  streams,  especially  small  streams  and  larger 
ones  with  coarser  sediment. 


Resume  and  Cone lu si  one 

!•    An  apparatus  for  measuring  the  rate  of  bed-load  transporta- 
tion in  natural  streams  has  been  developed.     The  capacity  of  the  unit 
is  5000  lbs.  (under  Yrater)  per  hour, 

2,  This  apparatus  has  been  used  to  measure  the  rate  of  trans- 
poirtation  in  small  streams  in  the  South  Carolina  Piedmont,    A  full  set 
of  hydraulic  measurements  was  rnade  simultaneously.    The  rates  covered 

a  rajige  of  from  20  to  3300  Ibs/hr,  under  -w^ter,  representing  concentra- 
tions of  53  to  445  ppm.    The  amount  of  bed  n&terial  in  suspension  was 
email  compared  with  this  and  could,  therefore,  be  neglected.  Finer 
material  in  suspension  "was  not  measured  because  this  part  of  the  load 
cannot  be  related  to  the  discharge, 

3,  The  various  measurements  fully  prove  the  applicability  to 
this  stream  of  the  equations  for  the  transportation  of  bed  load  ejid 
for  the  friction  of  a  movable  bed  as  derived  from  laboratory  studies, 

4,  It  has  been  shown  that  the  duration  curve  of  the  discharge 
for  an  average  year  can  be  used  to  advantage  in  the  determination  of 
the  average  annual  load.    In  cases  where  such  a  curve  is  not  available 
for  the  stream  under  consideration,  it  can  be  derived  from  the  dura- 
tion curve  for  another  stream  with  similar  watershed  conditions.  Based 
on  the  duration  curve  the  average  annual  bod  load  for  Mountain  Creek 

is  estimated  to  be  71,000  cu.ft.  or  1,63  acre  ft.  or  9.5  cu. ft/acre. 

5,  A  comparatively  quick  analytical  method  is  developed  for 
calculating  the  carrying  capacity  of  a  natural  stream  section  for 
both  water  and  sediment  using  the  "idealized  section". 
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6.  A  study  of  the  idealized  section  brings  out  very  clearly 
the  effeobs,  when  considered  separately,  of  variations  in  such  in- 
fluences on  the  capacity  of  a  stream  for  both  water  and  bed  Ic&d  as 
width  of  the  bed,  roughness  of  the  banks,  steepness  of  the  banks,  and 
general  slope* 

7.  The  influence  of  the  roughness  of  the  banks  on  the  transport- 
ing capacity  of  a  stream  is  so  pronounced  that  it  suggests  eja  unejcpeoted 
and  effectiTe  means  of  regulating  that  capacity,  especiaibr  in  sir£.3.l9r 
sized  streams. 

8.  The  applicability  of  the  analytical  method  to  soil  conser- 
Tation  and  flood  control  probleras  is  manifold.     Similar  studj.&s  are 
necessary  to  prove  the  applicability  of  the  method  to  larger  streams 
and  finer  sediment.     (See  Appendix  II.) 


\ 
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APPEiroiX  I. 

DETERIrll NATION  OF  THE  RSPRESENTATI^/S  GRAIN  DIA2.ETER 


The  entire  evaluation  of  the  measurements  in  Mountain  Creek 
is  based  on  the  choice  of  the  representatire  grain  dianeter  of  the 
bed  mixture.    As  this  choice  was  based  on  a  purely  en^irical  rule 
of  the  most  primiti-xe  type  and  because  the  conclusions  frora  these 
measurements  seemed  to  be  of  basic  importance,  it  was  decided  to 
check  this  diameter  by  means  of  a  flume  study. 

This  investigation  vras  made  by  I.ir«  Alvin  G.  Anderson  in  close 
collaboration  vrith  the  writer  as  part  of  a  special  study  to  determine 
whether  evei*y  sediment  mixture  can  be  described  in  a  bed-load  formula 
by  a  constant,  representative  grain  diameter.     The  equipment  ajid  the 
rather  unique  and  fast-working  method  used  in  these  experiments  will 
be  described  in  another  paper.    For  the  present  only  the  results  of 
one  series  of  experiments  using  original  l&untain  Creek  sand  for  the 
bed  will  be  given.    In  these  experiments  the  discharge  and  the  rate 
of  transportation  were  measured  directly.    Frequent  sets  of  cross 
sections  g^Ts  location  and  slope  of  bed  and  vater  surface.  The 
rougliness  of  the  side  walls  had  been  previously  determined. 

The  correctness  of  the  assumed  grain  diameter  is  tested  by 
assuming  the  same  value,  D^g    =  0,068  cm.  =    0.00223',  that  W8.3  used 
for  the  Mountain  Creek  data,  introducing  the  measured  side  wall  fric- 
tion and  plotting  the  results  of  the  experiments  in  a  normal  "y/  -  <^ 
graph.    If  the  points  fall  on  the  curve,  the  assumed  D  is  correct. 
Using  the  formulas 


lif    —hzft       X>      _  1.6^'  O.OOSZ3   _.<?.  0O568 


and 


234.5 

the  following  values  for       ^         and  n^^  are  obtained  t 


=  o. oo 4-2 G  9, 
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Table  7, — Values  of  ^'^i^^         and       from  special  flxme  experiment 
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(ft) 

TftTiT 

0.00 

0.00 

(ft) 

lbs 

ft  X  s 

1 

0.235 

.188 

1.250 

1565 

1605 

.085 

9580 

.0225 

.156 

.0138 

14.70 

2,44 

.0104 

2 

0.43 

.284 

1.514 

1451 

1521 

.1176 

16000 

.0201 

.218 

.0139 

11.10 

7.21 

.0303j 

3 

0.65 

.391 

1.662 

1347 

1434 

.145 

21700 

.0194 

.273 

.0144 

9.23 

14,72 

1 

.0523 

4 

1,04 

.585 

1,778 

1540 

1571 

.151 

34000 

.0193 

.408 

.0182 

5.74 

42.64 

.1818 

5 

0.53 

.339 

1.563 

1438 

1504 

.125 

17600 

.0198 

.255 

.0149 

9.59 

15.54 

.0577 

6 

0.345 

.243 

1.420 

1519 

1572 

.104 

13300 

.0208 

.192 

.0138 

12.19 

5.46 

.0224 


The  values       and       are  plotted  in  figure  27  against   ^  and 
compared  with  the  curves  given  in  figiwe  11,'   The  deviations  ara  small, 
proving  tiiat  the  value  used  for  the  diameter  is  correct  within  the 
allowable  limits  of  error. 
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APPENDIX  II . 

BED-LOAD  },!EASURa.Sl^TS  IN  V^-SST  GOOSE  CREEK 


West  Goose  Creek  is  a  tributary  of  Tobitubby  Creek  in  the 
Tallahatchie  River  basin  approximately  four  miles  west  of  Oxford, 
Mississippi.     This  stream,  Trtiich  along  \v-ith  its  drairiage  basin  has 
been  extensively  described  in  U.  S,  Dept.  of  Agri.  Tech.  Bull,  Iloe  695 
(6),  is  characterized  by  a  channel  plug  near  its  mouth.    As  a  result 
of  the  plug  deposition  has  progressed  upstream  by  backfilling.  The 
stream  above  the  plug  is  characterized  essentially  by  an  excessive 
supply  of  fine  sand  from  innvimerable  gullies  in  the  drainage  basin. 

In  the  reach  of  "iYest  Goose  Creek  ironediately  above  the  bridge 
on  the  old  Batesville  road  (see  figure  15,  reference  (6) ) ,  the  cross 
section  of  the  stream  is  very  similar  to  that  of  Mountain  Creek. 
The  average  width  of  the  sand  bed  is  12.87  ft.,  and  the  mean  diameter 
of  the  bed  material  is  approximately  0.33  mm.  as  averaged  from  several 
samples  taken  throughout  the  reach.    The  stream  banks  have  an  average 
slope  of  Ijl,  but  appear  relatively  smoother  than  the  banks  of  Mountain 
Creek  because  a  large  porTion  of  the  side  slope  is  covered  ?fith  fine 
sand. 

Preliminary  calculations  show  that  with  these  channel  charactor- 
istios  and  bed  material, values  of  <p  will  be  from  5  to  10  times  greater 
in  West  Goose  Creek  than  in  Mountain  Creek  for  the  same  rates  of  trans- 
portation.   Actual  field  measurements  of  data  on  bed-load  transporta- 
tion and  bed  roughness,  therefore,  seemed  to  promise  a  desirable  ex- 
tension of  the  range  of  conditions  encountered  in  the  Mountain  Creek 
mea  su  rement  s  • 


Experimental  apparatus  and  measuring  reach 

The  sa!t>9  equipment  as  used  in  the  I&untain  Creek  studies, 
figure  3,  was  used  on  '.Vest  Goose  Creek  (see  figure  28).    For  convenience 
and  portability,  however,  the  complete  pumping  unit  and  weighing  tanks 
■were  mounted  on  the  chassis  of  a  2-ton  truck.    A  single  hopper  10  ft. 
long  and  2  ft,  wide  in  the  direction  of  flow  was  used. 

Suspended  load  samples  were  taken  fVom  a  submerged  board  walk 
fastened  directly  to  the  hopper,  figure  28.    This  walkv/ay  served  the 
additional  purpose  of  preventing  the  scour  of  the  fine  bed  material 
immediately  downstreajn  from  the  hopper,  and  proved  superior  to  the 
bridge  t^-pe  sv-^icture  used  in  Moxintain  Crcok,  figure  1,  because  no 
obstructions  were  located  in  the  channel  against  which  floating  trash 
could  aoourculate. 


/ 
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Figure  2 8 •—Measuring  dovio©  on  West  Oooa©  Craefe. 
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The  hopper  "was  located  approximately  50  feet  upstream  from 
the  bridge  on  the  old  Batesville  road.    The  measuring  reach  extended 
550  ft  upstream  and  included  12  ranges  spaced  at  50  ft  intervals. 
Automatic  stage  recorders  were  provided  at  the  two  ends  of  the  reach. 
Cross  sections,  slope  measurements,  and  other  observations  were  made 
in  the  same  manner  as  in  the  Mountain  Creek  study.    The  results  of 
the  various  measurements  for  two  consecutive  floods  on  March  23  and 
24,  1942,  are  shown  in  table  8,    Due  to  operational  difficulties  no 
measurements  of  rates  of  bed-load  transportation  were  made  during 
the  rising  stages  of  these  floods;  however,  the  fact  that  measure- 
ments were  made  only  during  the  falling  stages  does  not  diminish 
their  value,  because  no  differences  in  the  characteristics  of  bed-load 
movement  between  rising  and  falling  stages  is  expected  with  a  well- 
sorted  sand  such  as  that  in  Yfeat  CJoose  Creek,  figure  29, 

Disoussion  of  results 

In  svttomari s ing  the  various  data  from  West  Goose  Creek  shown 
in  table  8,  the  same  formulas  and  methods  wore  used  as  in  analyzing 
the  Mountain  Creek  data,  except  for  the  following  slight  modifica- 
tions I 

(1)  The  sand  bed  was  so  nearly  horizontal  across  the  stream 
at  most  cross  sections  that  it  was  assximed  as  horizontal  in  calculat- 
ing the  elements  of  the  sections, 

(2)  The  slope  was  measured  individually  for  each  measuring 

period. 

(3)  After  preliminary  calculations  the  value  of  the  Manning 
roughness  coefficient  (n^)  for  the  banks  was  found  to  be  between 
0,020  and  0,030.    A  value  of  0.025  gives  results  for  the  transporta- 
tion and  bed  friction  that  distinctly  follow  the  trend  of  the  Mountain 
Creek  measurements. 

(4)  Because  the  value  of  the  ratio  D/^    ,  of  the  grain  diameter 
divided  by  the  thickness  of  the  laminar  sub-layer,  lies  between  0,85 
and  1,4,  the  friction  along  the  bed  must  be  computed  by  a  formula  that 
covers  the  transition  region  between  flows  along  smooth  and  rough  walls. 
For  this  computation  vx)n  KAnaAn's  formula  is  usedt 
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SUMMARY  OF  DATA  ON  BED- LOAD  TRANSPORTATION  AND  BED  ROUGHNESS  ' 

■ 

OBSERVED  IN  WEST  GOOSE  CREEK,  OXFORD,  MISS.  i 
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'J'   =    S  Rc6f^    is  the  shearing  stress  of  the  stream 
*  ®  **         along  the  bed 

is  a  correction  factor  for  V  and  a  function  of  ^ 
■while    y    is  a  fvinction  of  "^^c/S  C^) 

■wherein    p    is  the  kinematic  "Tisoosity  of  the  water. 

This  function  as  gi-^en  in  figure  30  is  derived  for  "bhe  case 
of  open  flow  in  a  trapezoidal  cross  section  according  to  Keulegan  (8)« 
The  following  constants  have  been  used  in  ■the  various  oomputations* 

Average  width  of  bed    B  =    12.87  ft. 

Representative  grain  diameter  in  the  formula  for  rate  of 
bed-load  transportation  =    D_-  =  0.25  ram.  =  0.00082  ft. 

Representative  grain  diameter  in  -the  roughness  formula-  = 

Dgg  =    0.33  mm.  =  0.00106  ft. 

Average  efficiency  correction  for  the  weighing  -tank  =  1.273 

Specific  gravity  of  sediment  =  2.65 

Slope  of  banks  =1:1 

Water  tempera-ture  =  20^  centigrade 

Average  water  depth  =  d 

A^rorage  cross-section  area,  A  =    d  (12.87  +  d) 
Wetted  perimeter  of  banks,       =  2.83  d 

The  ■vurious  formulas,  therefore,  are 
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r=  v/v^^ 

to 

Plots  of  the  values  of       and       as  a  fuxustion  of  ^  for  the 
various  West  Goose  Creek  measurements,  table  8,  are  shown  in  fig,-ures 
31  and  32,    For  comparative  purposes  the  data  from  Mountain  Creek 
are  also  shovm  in  these  figures.    In  the  range  of  ^         1  the  y/~ 
points  follow  the  curve  derived  for  sands  of  uniform  grain  size  muoh 
closer  than  do  the  measurements  of  Gilbert,    In  the  experiments  of 
Gilbert,  however,  it  is  important  to  note  that  part  of  the  material 
caught  in  the  collection  tank  possibly  was  really  moving  in  suspen- 
sion, and  therefore,  would  not  be  included  in  the  curve  for  trans- 
portation in  single  jumps  of  constant  magnitude  (3),     The  few  sus- 
pended-load sajnples  taken  immediately  belovsr  the  hopper  showed  con- 
siderable concentrations  in  the  higher  layers  of  the  flew  while  the 
usual  characteristic  increase  in  concentration  near  the  streaja  bed 
was  missing.    The  short  duration  of  the  floods,  however,  did  not 
permit  the  taking  of  enough  suspended  load  samples  for  a  definite 
proof. 

Examination  of  figures  31  and  32  shows  an  interesting  trend 
of  the  correction  factor,  f  ,  in  the  law  for  bed  friction.  This 
factor  appears  to  decrease  to  a  minimum  value  in  the  neighborhood 
of    ^     =    1  (maximum  roughness)  and  then  to  increase  again  for 
larger  values  of  <^      .A  possible  explanation  for  the  shape  of 
the  curve  is  that  for     >  0.01  the  transportation  itself,  and  the 
aooompanying  change  in  the  configuration  of  the  bed  surface  increase 
the  energy  consumption  of  a  particular  flow.    liYhen  <p  increases  towa 
1,  another  effect  that  appears  to  decrease  the  friction  factor  be- 
comes in^ortant.     The  great  number  of  bed  particles  in  movement  at 
any  one  time  form  a  heavy  and  relatively  slow  moving  layer  betv/een 
the  bed  and  the  fl<yf!-  proper.    Newly  developed  eddies  along  the  bed 
that  are  part  of  this  heavy  layer  have  considerable  difficulty  in 
rising  into  the  higher  layers  of  the  flow.     These  eddies,  because 
of  their  tendency  to  remain  longer  in  the  immediate  vicinity  of  the 
bed,  increase  the  scouring  force  of  the  flow  (see    }y  -  <p  cusrve). 
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Vilien  the  eddies  finally  leave  the  vicinity  of  the  bed  they  have  lost 
more  energy  than  vrould  have  been  the  case  for  clear  f  Iott  end  con- 
sequently are  weeiker.     Their  ability  to  cause  "exchange  of  momentum" 
has  decreased  with  the  result  that  higher  velocities  are  developed 
in  the  upper  layers  of  the  flow.    The  correctness  of  this  reasoning 
can  be  checked  only  by  additional  measurements  under  a  range  of  con- 
ditions comparable  to  those  encountered  in  West  Goose  Creek, 

A  similar  expleuiation  has  been  used  by  Vanoni  (15)  to  explain 
the  increased  stream  velocity  due  to  suspended  load.    He  shows  that 
within  the  turbulent  exchange  at  any  point  of  the  cross  section  the 
concentration  of  upward -moving  fluid  elements  is  alv/ays  higher  than 
the  concentration  of  doiraward -moving  elements.      Thus,  energy  is 
spent. continuously  lifting  up  that  surplus  concentration  and  is  taken 
from  the  kinetic  energy  of  turbulence,  reducing  its  intensity  faster 
than  internal  friction  alone  -would  account  for.    As  in  the  case  of 
bed  load,  the  reduced  exchange  causes  the  average  velocity  to  increase. 
The  two  oases  differ  mainly  in  the  time  when  the  reduction  of  turbu- 
lence   occurs.    Suspended  load  will  decrease  it  after  turbulence  is 
distributed  over  the  cross  section  while  bed  loa'd  will  affect  the 
newly-created  turbulence  before  its  distribution. 


CONCLUSIONS 

The  measurements  in  West  Goose  Creek  have  extended  the  range 
of  ^  from  the  previous  value  of  1  to  the  value  of  10.     If  it  can 
be  assuraed  that  this  extension  of  the  curve  can  be  used  for 

sediment  that  is  coarser  than  found  in  West  Goose  Creek,  it  is  possible 
to  calculate  the  rate  of  bed-load  transportation  for  rivers  several 
feet  deep  and  with  sands  approximately  1  mm.  in  diameter.  There 
appears  to  be  no  reason  "ftiiy  this  assumption  is  not  permissible.  How- 
ever, to  prove  definitely  the  validity  of  the  assur^tion  direct  measure 
ments  are  necessary  in  rivers  of  this  size  and  sediment  characteristics 
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Elst  of  Symbols  Used 

area  ( sq.ft. ) 

area  pertaining  to  the  bed  (sq.ft.) 

total  arjiml  (bed-load)  transport  (ou»ft./yr. ) 

total  oross  sectional  area  (sq.ft.) 

are*  pertaining  to  the  banks  (sq.ft.) 

width  of  the  bed  (ft.) 

as  s\33>ecript=  pertaining  to  bed. 

grain  diameter  or  representative  grain  diameter  (ft.) 
si€rv«  size  that  passes  35  percent  by  weight  of  a  sand  ndxture  (ft.) 
sieve  size  that  pQ.«ses  65  percent  by  weight  of  a  sand  mixture  (ft») 
water  depth  (ft.) 

water  depth  in  the  end  measuring  point  (ft.) 

constant  for  settling  velocity  (3) 

2 

acceleration  of  gravity  (ft. /sec.  ) 

fall  of  -the  -rater  surface  between  the  ends  of  the  measioring  stretch,  (ft), 
liinning's  roughness  ponstant  for  the  bed- 
Manning's  roughness  constant  for  the  banks* 
wetted  perimeter  (ft.) 

wetted  perimeter  pertaining  to  the  bed  (ft.) 
wetted  perimeter  pertaining  to  the  banks  (ftt) 
water  discharge  (ofs) 
total  mean  rauoff  (cfs) 

total  bod-load  transport  of  a  stream  measured  imder  water  (Ibs/hr.) 
rate  of  bed-load  transportation  under  water  per  ft  of  width  ( Ibs^/lar  .ft) . 


